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A specially designed high pressure mass spectrometer 
equipped with a thermionic alkali ion source which could be 
pulsed for the study of the temporal behaviour of ions was 
used for the measurement of equilibrium constants for the 
pore las ine of alkali ions with various bases. The variation 


of these equilibrium constants with temperature permitted 


the Bue es of Meee AS naa n/and pain for these 
reactions. 
Theureaction: 
us aos 
M’(CH,CN),_, + CH,CN = M’ (CH,CN), 


where M = Na, K, Rb, Cs; was studied for values of n = 1 to 
5. A comparison of the results with previous results for the 
gas phase hydration of alkali ions indicates that acetonitrile 
forms more stable clusters at low values of n than does 
water. A similar comparison with the gas phase solvation 
of halide ions by acetonitrile demonstrates that alkali 
ions are solvated much better in acetonitrile than their 
isoelectronic halide ion counterparts. With the use of 
proper thermodynamic cycles and the above results, the 
free energies of transfer of alkali and halide ions from 
liquid water to liquid acetonitrile can be obtained; the 
results being in good agreement with experimental liquid 
phase data. 

A Siew electrostatic potential calculation was made 
and found to correctly predict the experimental enthalpies 
for the clustering of alkali ions by one water or one 
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acetonitrile ligand. The same model correctly predicted 
the lower enthalpies of halide ion-acetonitrile complexes 
due to the diffuse positive charge in the acetonitrile 
dipole. 

The gas phase Lewis basicities of various amines and 
ethers were studied by using the potassium ion as a Lewis 
acid and obtaining the thermodynamic functions for 
the reactions: 

Kathy thg- scshorgs 
where B represents a host of amines and ethers. The order 
of gas phase Lewis basicities obtained at 600°K from the 
free energies is: 

1,2-dimethoxyethane >> ethylenediamine >> pyridine 

> aniline > diethyl ether > dimethylamine > n-propyl- 

amine > nding iaaane > trimethylamine > dimethyl ether 

> ammonia. 

This order is considerably different from basicity orders 
obtained when using the proton or trimethylboron as 
reference Lewis acids indicating that the nature of the 
acid-base interaction is extremely important in determining 
the strength of bases. 

Gas phase stability constants were obtained for the 


+ 
reaction: K* (en) 1 + en = K (en), ,where en 


represents ethylenediamine, for n= 1, 2, 3. The addition 
of the first two bidentate ligands is extremely favorable 
whereas the addition of the third ligand is not, indicating 


that the potassium ion is likely tetra- or penta-coordinated. 


vi 


am) | 
twhxo oft acini Sas esirime Io: — 
ott moz3 #°O08-48 hiscitidstetes, ‘iiailaaa ‘ 
uM | a es 
9 tebbiayg: FS; cacao ipadatyae ‘ge Sositiay nets 
| Phe t | 
hggota-tt “< omins nyauke Fe agg - 


torige- pista x ‘eninge 


= 


eres 


* aa 
- 


as eitetirt, tuys ei ie i 
uf ¥ a> ee fh 
cotsipbe ont “cg 3 Red 103 


“ itiszovs? wheat xs ai a 
. : é hen 
——_ ai. bik or ee Fag 


ACKNOWLEDGEMENTS 


I would like to express my sincere appreciation to 
Professor Paul Kebarle for his guidance and encourage- 


/ 


ment throughout the progress of this work. 


The assistance of other members of the mass spectrometry 
group is gratefully acknowledged, in particular Yan 
Lau, who with the author performed the complexing 


of the potassium ion with methyl and ethyl ethers. 


The author would like to thank the members of the 
Chemistry Department Machine and Electronics Shops. 
Special thanks are due to Mr. Ernie Young for his 
aks bend patience in constructing the ion source 


assembly. 


The author wishes to thank Ms. M. Nickolchuk for 
her care and devotion in typing the manuscript 


under the most difficult of circumstances. 


The financial assistance provided by the University 


of Alberta and the National Research Council of 


Canada is acknowledged. 


Vil 


es. saitgivesaqs wie coat ti 


AS: 


ae) dco hoe exis bhicg rpc: a 19> ’ 


row eirts Fe ‘Wedsge q 


i ’ f . x 
t 


yciemonsaqe gaan silt To: pxasinn pads 

nny tstovtyxea gi’ noha Linaaeieayy 
‘paisetiqnes artt 

-enite tests eee Lectton «hie aah ae 


v4 


. | 7 a f ‘ 


| —— ack afta sami ied 
| Wins 4 : 
02 | Aeiedegi 4 “at 2 wore 
Ce shammaal ade Lewis ar biases . 
, | ) : a | . : ni are it rend ie ay / ae / ie 


Dagoceats wut aa nob temies ontsi>iens — 


ABSTRACT . 


PASB Ein OF. CON TE NTS 


ACKNOWLEDGEMENTS e e e e e e e ° e e e e e e é e e ° e 


PP MRORRPIGURHGS , (ft: 4 os fe 


List OF TABLES e e ° ° e e ° e e e e e ° ° ° ° e e ° e 


Introduction 
Ae A. PNOmPRCSCHGE GUUGY. a4. s! sp eubenve Lote tin ot tel feted on su ts 
ee Related Types of Ion-Molecule Reactions. . is 
Led Thermodynamic Relationships Obtained from Gas 
Phases Clustenimo ReacuLons' sss a «60 ele ie.c 6 ve 
eh Phe wWature cot howe Bol ws wie rls ys)lte. boo e.'w ts ew ess 
i 5 3 ee soniiee ile asee,Dipolar Aprotic Solvent. % %. 
1.6 RelatedStudies in Liquid Acetonitrije. ~ <. 2s 
A. Methods Based on the Born Equation. . ..... .» 
B. Izmaylov Extrapolation Method ..... say te 
C. Solvent Independent Electrodes. . « « « « « « « « 
D. Reference Electrolytes. . . 0. « « « « © « « « « 
E. Free Energies of Solvation from Volta Potentials. 
tech Gas Phase Ion-Molecules Solvation Studies... . 
A. Solvation Reactions Studied in the Present 
RADOVACORY) 60s Vetes seek eRe Osi sumed oy a ite ow aeee - 
B. Other Related Gas Phase Solvation Studies . ans 
150 Aeid=Base Inveracvions.) . o's ss) # sas sionals 
Ne Related Gas Phase Basicity Studies. ...... . 


A. 


The Proton as the Reference Acid. ... . 


wie alent 


E 
i . 77; ‘ 
i . 
1 
gi 
* » 
au 
“he te 
. : 
\ 


ES.) vibe ey er whee oh A SbIiotceets apmwpeted 6G) 
; , 7 : yA. aa : & fh , ‘ = 


id ot er 0s va o 
{S * alehesae shaw aes Sadat Ela aad va - 
> Ly’ Se es i oe te, as ‘ ] 


. } 4 ta A weirs Scphageye YS ‘peed pal; tee 


: ‘aan mcs een ‘ i 
_ poe daa i , ait i 
1 ‘ ae 
= mg tre? te ee Se ely Dy Gea | siete i ee } 
f r 3 r re _ ; ; i \ Py " a - a4 swt : " ae 
~ r eee ake et t-) gilea i koertic 2 i Rare) ek 
{ 9 ioe ) A A ; ‘ ‘ 


\ ¢ hi i Sey Le 
4 : tx md rs : 
; “a? car Lae Boe aude oi. fra ce. at va a ee | “1 
7 ‘Ps 
zs - uJ ’ é = { 
A ; a a ' ie 
; . yy 4 iy ie hoaee 
. ar . j SAT ie 


Bis 


Tvimetine| boron ase ao, Refierence: ACids) seteiwt «a « 


Experimental 
oa. COURAGE) COI a ery PE RA Maa 0 Ae 
ene RGR CMa ADO, is cnet seheseteeer saline ts 4s 
REG: MMe HOLG OUT CEn.. o's. soi. sh dala cis aoe ale Rie ee ae a 
2.4 Dee LOMNC COUTCC. 42 5. 4. as! 8 SALE eke ad 
205 POS ECO sma IRS PLO Cie cgica caus Iupidseties ee toie ore 
2.6 emer ature COME. OI :4./s tebissceals) sls a cen leleeunel ce 
Cul Equilibrium Constants versus Field Strength. . 
2.8 Equilibrium Constants versus Pressure... 
2.9 Mie SVECSCELOUs OVS bEINs «elie ue ue <4. is, lake ie weigls 
eeto. ’ “Comparison with, Previous Data «i s wis ss Hades © 
eval, | Time Dependents StUdLeSon wuce couse, se) te pine Feine deus 
Gere Ser We UWOLN 4 ou: sl terre, collar taco. coh tot cst, ewe we kek ies 
B. Pulsed versus Non-Pulsed Equilibrium Constants. 
OC. Oisadvantaces.ctO PULSINS Sco. te 5 Gee 6 ve) as: elie 
oto Tne Drate Lube in, EqUILJIbrium-studles «  .. 6) « 
EP LIVGROCUCULONS Ue ete. 6 Fe. ale: as oe eghe crns emo 
Berea lipracion OLY Che Tritt  PUDG .i.e8 wl ts Benen a cove 
Go POA EIU ese tees | 66> 0) {60 ster is ete: ca 
D. Equilibrium and Pressure. . « «+ + « © + « « « 
We MODL 1 UieS<. came ey no Weuksues aemeicen © 8 bo an ane oe 
ME CONC LicbOl misuse aise. tes <. "6, <<) as) onde, ea ee ea 


1x 


101 
101 


104 


= | y 
57 i 
i * & ; 
ay 

* 3 VX > 
anes A Li i 

‘3 " 

a 
ie * cs 4 .s « he 5 
: “ae we 
i 7 
j 
‘ 

whe 

<8 - 
ue 
Pe | 
a * Fr * * 
ine 
ae a . |) < ‘ « 

é 

é 

’ * * 
84 ‘e 


, (iene i; af 
eld Sat een helt agen 


9 oe} rinse ee hravt ofa 
° q poe 


Fe 


fea “n ‘i! 
Pa “. Ae. 
" rvs 


Results and Discussion of the Solvation of Alkali 
Metal Ions by Acetonitrile 


Baik MERION MD, hen (eid grin ws <6, Se. & Ba, Par ecg hal gee) wea le 107 
Sue Pesca Gions OT ARESULE Sy siti Was Bete mest catolne os 108 
Dist) General PD MECING SLO ex! Tah Fal baby 4. ess Peete ele oe 159: 


3 A Comparison of the Gas Phase Solvation of Alkali 


foncain Waber and Acetonitrile... «<j. « «s+ 45 
Dad A Comparison Between the Gas Phase Solvation of 

Alkali Metal Ions and Halide Ions in 

SCD OY ees, men, ed (eS ork cus em ene, b2 GAet ne ee ee foshs aieyik 
5.6 A Comparison Between the Gas Phase Solvation and 

Liquid Phase Solvation of Alkali Cations in 

Reetoni trite wal: Sheiweteses Eke tey ke + +s 156 


Ay Consistency of Gas Phase Results. . . . ss « « % 156 


Determination of Single Ion Free Energies of 
Solution in Acetonitrile from Gas Phase Data... 158 


e 


Calculation of the Free Energy of Transfer from 
MAteErALOMACEEOOTEYIN CA MAE Ge) 6 est ous eg rere 165 


Q 


Ot Srmmar yAGhGWie 6. <0 vy « Ge par a ei hen tera @-16n oe els 175 


‘Ion-Solvent Electrostatic Calculations 


ENTE! ees aoductiehm@yd Fo 7 ucnke cas ae lend Ga ret mele 
ee The Electronic and Physical Structure of 

AGE POT Gs 52 os dee doo ce ha ee Piha ee slhe kat ien eine ok 176 

NA) Tneeraccion mnereiess: . sus) 0: « st sees suene te Be we 179 

A. Ion-Permanent Dipole Interactions . .... +e -. 179 


B. Ion-Induced Dipole Interactions . .. ++ +.«+«- 182 


C. Dispersions Energys 4 Shkess wets © tee a + sos) > 188 


Py EREPULST OM MNO Verso lye © (s\ «7 6. eeu s) #, A nceers 190 


WeeTOuel Neh ees. peums vies “+ fe lueh comin.) 8) te lie bo 1aipi6 os 192 


ae 
{a S r. 
ear) d i 


: ; + v0 0 aoe 
: LOWE A> (Male Ae paadits 


ri 
—_ * 1627 
. 


7 - My ec Sery 4h yf a 


+ 


te sae 


ae: | hai , ene 


| _ i a | anne $58) ae “nae te Ai 


‘ai 5 —> ‘or or i : Ks o, MW 4 ‘ = 
ae ee Tr aah ibe 

aie ; = ae = i Til an 
Lo 26 PP te ’ he a on 

hy ; a a Sie ) ; 
a i 2S 
fo B w Gee oe 1 ’ mr % mia” 
me 7 ie 
c= i 


“™~y es om etre 


i! Oe a ron ah et wh a, A 
oa: ) Tp, i Sea pn poe 
rigs oe vals PF Dat @ , 8 oe Ae ~ 
ae Me ee ey Bice. fee gb) A ae hs 
ha i a i G 7 c ca vv : “2 
, ify * ‘ FI Bip vita Lib ¥ ih waa - - 7) : —_ 
coh eae tal | aaa: aro ay 
rm ' : a Bae oe i i}: 
Binks Aes Fale rc vo 
- BS r 7 = te od 
Ps yii@ a or Sq > We: ie *) >. 
: ee oe 
» te fy . a 


if lane | 
ae a ene 


yy 
4.5 


4.6 


rg 


Rotetion-of the Ion-Ligand Bond ....«. «+s. + 


Electrostatic Calculations for Halide TIon- 
AG CLOMMOPINLG REACELOMS ¢!-s) iss le -ebebue cs bw ocr ek 


Consistency of the Present Calculations with 
Other Electrostatic and Quantum Mechanical 
CEBU SG TIOLDS eee tins!) Yer. 611 na os there ee eo eel nee cee holer eis 


General Remarks on Electrostatic Calculations. . 


Lewis Basicities with the Potassium Ion as a Reference 
Acid 


ee 


Dae 


2d 
5 4 


re) 


5.6 


57 
5.8 


9+9 


ibale oduc Taal on e ° e ° e e ° e ° ° e e e e e ° ° e e 


Some Special Problems Encountered in Lewis 
BascrercLes De Lerma nat Louse, els stele ns ie 6 eure « 


Presentation of Results == sAmMINnes, <'& <6. 6% « 


| BESiCdUyPoCo Ve Seleuker 10) |e) Yelicll acetic de 6) hen 5 —re1 ler tence 


Discussion of the Gas Phase Amine Basicity Order 
WiGhek tas "as Reference \ACIG  gks s&s! sl eet aes 


Methyl Amines. 2." 69% 2 2) ele Ge + + «oe te 
Primery Aliphatic AmineGs.eg. 5.7. sos) s 6, «so es 
Ethylenediamine -- Bidentate Ligands. .... . 
Rromacre AMmineen ioe ae focshts. ts ae one nt co cnt 
(AE Dy rid ine sult ieteneies' si sees Woes, erences eet 


( a) Aniline. e ° e e e e e e ° e ° ° ° e e ° ° e 


Correlation of the Gas Phase Lewis Acid-Base 
Reactions e ° ° * e e e ° ° e e e ° e e e e e 


Limitations of the Drago Four Parameter Equation. 


, + 
Gas Phase Basicity of Ethers with K as a 
Reference Acid. e e e e e e e ° ° o e e e e . ° e 


OrbnersRe Ses memento 1 ay ls co eles ebay) euiece 


xi 


20) 
207 


208 


209 
really) 


228 


258 
265 


Es 


a> 


j - i a " a 
i tages 


« 6 ry ' “ A A ’ ™ 


ni EW ; ; i 
ra ? Bar u ie 


7 : 


a 1 
vom, 


¥%'2 fart) ue 


hie 


A. 


B. 


Water e e e e e e e e e e e ° e e oe e e e e 


Acetonitrile. e ° e e e e e e e e e e e e e 


6: Mubtidentate Tisands , 
6st PHecOduCe Lone 5. Ma re Spe toe ae ee. 
6.2 Presentation of Results -- Ethylenediamine. . 
655 General Discussion -- Ethylenediamine.... 
6.4 Stability Constants -- The Chelation Effect . 
6.5 1:1 Complex of Potassium and Dimethoxyethane. 
6.6 SUNATIOT Vim OGM eee La, 2. GANS a is. Sei Pim aes 
{2 Suggestions for Further Research 
fod Complexes Involving the Silver Ion. ..... 
(ORE Alkali Ion Complexes with Crown Ethers... . 


REFERENCES e e e ° e e ° e ° ° ° ° ° e e e ° e e e ° e e 


xii 


268 
269 
oT 
280 
285 
288 


287 


292 


301 


( 
>» « #2 >» : 


ane : 
ee a eae 
: were 


i hers sates il wd 
liga aang <7 


: cee if TV raey ¢ nae 
ou | 
. Py ’ , ’ ' 
2 
s a 
be = 
J aa +: 
ry i= * Se 7 as Fi 
sal : oa 4 
> n= 4 ree 
Bri , at ae - 
Sieyel| - 
. Oe ite |e ee ie 
i . i pot ae. 
: I re 
Wi ne 
; a ie Sai ee 
‘ > > | 
= i 13 1 
. 7 
i a a Ge 
c be - er 
2? an Le 
7 
; tote | 
“2. 3 ie =  - 
i A =, ~ 
; = 
, : = ; 
ee 
3 
» i . | 
| hy 
Eg a 2 i Rs 7 
= me os ; i i | 
| 2 ao q cs 
= 4 : ‘ ) 
Kas yA INC 
<a 7 . , | 
: \ ee at : 
¥ ie : if 
a ; ; | 
; ) 
7 o 
; 7 ¢ 1 
. ' ’ 
i ~~ eine } t i | 
ae = 4 a a oa 
— : 
bf ’ } i , | 
nd 2 + , . 
; 4 j 
: 2! 7 at ve 
, Da shi : ; 
ip z 
7 ; das cd cS” all 7 
4 .-=> = "4 
7a, ; : é 
1 a 2 
: ki 6 —. . fi 
Ark alike x i ws 
ig Me ae TN = 
— 


Figure 


CON ON 


8) 


4 


1 


16 


Li 


18 


LIST OF FIGURES 


Bernal and Fowler--Eley and Evans Model of Tonic 
Solvation 


Bockris and Saluja Solvation Cycle 

Cross-Sectional View of Mass Spectrometer 

The Ion Source 

Normal Operating Voltages 

The Gas Handling Plant 

Calibration of Capillary demonstrating Viscous Flow 


Pressure of Ethylenediamine in the Ion Source versus 
Bath Temperature. 


Effect of a Third Body on Equilibrium for the Reaction: 


K' (en). +en = K' (en)s. 
Thermocouple Assembly 


ae - 
Plot of K (Hs0)s/K (He0) versus Electric Field Used 
to Attract Potassium Ions to the Equilibrium Chamber. 


Effect of Field Strength on Equilibrium at Very Low 
Pressures for the Reaction: K*(en) + en = K*(en)s. 


Effect of Voltage Between the Filament and the 
Reaction Chamber at’ Low Pressure for the Reaction: 


Rb’ (CHsCN) + CHsCN = Rb’ (CHgCN)2 : 


Variation of Equilibrium Constants with Pressure, at 
High Pressure. 


Fraction of Cluster Dissociation in the Vacuum 
Chamber versus Pressure in the Reaction Chamber. 


Percent Efficiency as a Function of Ion Mass for 
Two Spiraltron Electron Multipliers. 


Counts per Second versus Voltage Across Spiraltron 
Electron Multiplier. 


A Comparison of Ko,, Obtained in this Study with 
that of Searles. 


pei kias a 


60 


62 


66 


70 


re 


wast onentie s ie ennui int 
ceeney sour of paps ine soit 


nein wild 1 ‘ay en day 


aa 


; ~ Resales 


; ‘wont sce nen aia peed 


1 ‘ye 


— 
= 


= 


‘ a 
a 


ns mS, a 


ij 00 pre 
Es 


TT 


hg 


7 
20 


A pits 
a ; - ae iy 7 rf - - 
Se. oo pike 


ip 
ay “ae ‘tbe 

Ses re ae aes 
7 / 
; BS ar sl at. feet i 2 de ee eesiy shia ns 
avait: rie bes at Ai rey iuhant a te tt ee ie + i 


vino Se igi bamee pe i! ifira Lavao 
velop hae Lay 1 “ a ae ery 


Figure Page 
19 A Comparison of K3,4 versus 1/T Obtained in This 
Study with Previous Results for the Hydration of 

the Potassium Ion. Th 


20 Pulsing Sequence for the Study of the Temporal 
Behavior of Ions. 76 


el Time Dependent Output Demonstrating the Rapid 
Achievement of Equilibrium. 1 


22 Time Dependent Output Showing Two Ions Approaching 


Equilibrium. 78 
LD) Time Dependent Outputs for the Hydration of the 80 
and Potassium Ion. and 
an 81 
25 Cross-Sectional View of the Drift Tube 85 
26 Pulsing Scheme for Drift Tube Studies. 86 
ra Drift Tube Output of the Potassium Ion in Argon 
at Various E/p. 90 
28 Reduced Mobility versus E/p for the Potassium Ion 
in Argon. OL 
2g Typical Drift Tube Output Showing Ions in Equilibrium. 93 
30 Variation of Equilibrium Constants with E/p. 95 
31 “Ion Temperature" versus E/p. 98 
32 Equilibrium Constants at Low E/p. 99 
53 Equilibrium Constants Obtained in-a Dritt Tube versus 
Pressure for the Reaction: K (CHsCN) + CH3CN = K'(CHgCN)s 102 
34 Equilibrium Constants versus Pressure for the Reaction: 
+ 
Ved Oue= aK CHO) 103 
ey Determination of Ion Mobilities from Average Mobility 
Measurements. 105 
26 Equilibrium Constants versus Pressure of Acetonitrile 109 
to at Various Temperatures for the Gas Phase Solvation to 
55 of, Alkali Ions, M‘ (M = Na, K, Rb, Cs), by 128 
Acetonitrile. 


xiv 


an ' 


a 


ome wh aickacane 
Se lik: shot ett © aM 


s an . 
: Pep 7 Phy F ; 
Larne ait wv sais ree 
: : ao a" 7 At 
r Dlipew ‘eth ena) y 


‘ 


ay clnaii sek a" emeaane” 


fii Qe eatin mt wisi shanti ¥ - 
om . A \e" 


ey i ) ss a - ¥f 
ee utd nm epabelahe 


ne) + ny 


‘acne eae telat bait “ 
WA, or we i ieee Ae 


| ML 7 ar 


e) setae ie bis te rs 


ge ia eee aa 


my asad “st. a danirer ee are” i  gcinehabiio Pe 
. ‘3 ee noe 


ie ef arnt fey wat sl aa ia a ins grapret . Ss 


‘3 ; ) Pete: 
ee a opin >" igh Pear eT 4 jatthwa he. es 
rah y sri. ait aay at ee AY th 
: vel eh ae ue gh ae a, | hd Aiaot he ib Be 
ae 7 ao q sacri uaa ida 
2 i r; 7 
= c 7p = 


Figure 


56 
to 
Diy 


60 


61 


62 


63 


64 


65 


66 


67 


68 


69 


70 


{i 


te 


@ 


Van't Hoff Type Plots of the Equilibrium Constants 
for the Gas Phase Solvation of Alkali Ions, Mt 
(M = Na, K, Rb, Cs), by Acetonitrile 


Enthalpies for the Clustering Reactions: 
+ 
M'(CHCN),5 + CHgCN = M’ (CHgCN) : 


Standard Free Energies at 298°C for the Clustering 
; + 
Reactions: M (CHgCN),, + CHsCN = M’(CHQCN),. 


Plot of Equilibrium Distribution of Na’ (H20)_, and 
+ 
Na (CHgCN) as a Function of Pressure. 


Van't Hoff Type Plots for the Gas Phase Solvation 
of the Sodium Ion by Acetonitrile and Water 


A Comparison of the Enthalpies of the Gas Phase 
Solvation of Na’ and Cs* in Water and Acetonitrile. 


A Comparison of the Standard Free Energies of the 
Gas Phase Solvation of Nat and Cst in Water and 
Acetonitrile. 


A Comparison of the Total Standard Free Energy of 
the Gas Phase Solvation of Na’ and Cs versus 
the number of ligands in Water and Acetonitrile. 


A Comparison of the Standard Free Energies of 
Gas Phase Solvation of Alkali and Halide Ions 


in Acetonitrile. 


A Comparison of the Enthalpies of Gas Phase 


Solvation of Alkali. and Halide Ions in Acetonitrile. 


Comparison of Experimental Gas Phase Free Energies 
of Solvation with Total Single Ion Free Energies of 


Solvation in Acetonitrile Obtained by Case and Parsons. 


Extrapolation of Free Energy versus n-1,n Plots for 


the Gas Phase Solvation of Halide Ions in Acetonitrile. 


Comparison of the Experimental Differences in Gas Phase 


Free Energies of Solvation in Acetonitrile versus n 
to the Free Energy Differences of Case and Parsons. 


Bond Distances, Angles, and Point Charge Distribution 


for Water and Acetonitrile. 


Representation of Bond Polarizabilities. 


XV 


Page 


129 
to 
152 


138 


1g 


Vy), 


146 


148 


wg 


150 


ie 


A350 


Ai V6 


i? 


160 


180 


183 


vt 


ee ‘oh we ate me, he 


‘e : 7 
? me 
aA 
ey 
* anit aS 
ie | »”® Save 
ts 7 
: he 
e 


Cire a ae is aa ' 
AM ee pte iy : ape 
PS, burs) to Las il : P in ; 


ey 


suite tig O0 sane re 


. ote 
Ste 
= oar i 
f 
‘tt; 
t 7 DP 
a S 
Cas ak ; - 
( iv? ’ i 
i \ iy 
= A: ' 
i ; fi eee 
’ a gl ay 3 a 
mit oS aaeea eu 


+ poly AW IVE 4 “a any 


mys 


a ie 


re re 
4 Cre f et niet ; er iteata tie td 


pA ee ah gaa ee aT rie 
$ 


435 io A Pune se 2 Dt ely Ly hl A 
Bee lee a eer porte Dae 3 bigeye 


ie | aida pris a 
ee th seas ne jist ati ela 


ta 


ie Nig ects taka by 


ey fh Pin lgeatoee ae 2 a aa 


quer "yan id ito celles rae 


aun a ay: @ 


i gi ni af res t- — ae 
ots fata a va tists sal hat +e Ghiyensiw eA: ‘ , 
“3 2 uy 


= 


Le. \ oF - iS era ; ; a. : Nee 
Le : . ' a , 


Figure Page 
Th Rotation of the Water Molecule 196 


(45 Time Dependence of Normalized Ion Intensities for 
the Determination of the Amount of Ethylamine 
- Undergoing Thermal Decomposition. 215 
76 Equilibrium Constants versus Pressure at Various 216 
to Temperatures for the Interaction Between the to 
80 Potassium Ion and Various Amines. 220 
81 Switching Equilibrium Constants versus Pressure Ratio 
at Representative Temperatures for the Reaction: 
+ + 
K (HsO) + CHsNHs = K (CHsNHs) + HO. 221 
82 Switching Equilibrium Constants versus Pressure Ratio 
at Representative Temperatures for the Reaction: 
+ + 
K (H20) + (CHg)sN = K ((CHg)3N) + Heo . 222 
83 Van't Hoff Type Plots of Switching Equilibria 2oh 
8 Van't Hoff Type Plots for Various Amines Reacting 
with the Potassium Ion. 225 
85 Van't Hoff Type Plots for the Methyl Amines Reacting 
with the Potassium Ion. 226 
86 Net Electron Populations on the Various Atoms in 
the Methyl Amines. ee 
87 Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 
+ + 
K + (CHg)20 = K'((CHg)20) . 260 
88 Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 
+ + 
K' + (CoHs)20 = K ((CoHs)20) . 261 
89 Van't Hoff Type Plots of the Interaction Between 
Dimethyl and Diethyl Ether and the Potassium Ion. 262 
90 Equilibrium Constants versus Pressure at Various 20 
to Temperatures for the Complexing of the Potassium Ion to 
92 by Ethylenediamine. pie 
oe, Van't Hoff Type Plots for the Reactions: 
+7 + 
K (en) 4 rene = ak (en) + O74 
AB 
or Plot of Ko,, for the Complexing of K with Ethylene- 
diamine, demonstrating Non-Equilibriun. 276 


Vr 


sce 


ee oe i a Teg med td wy $e 


‘ng so 


‘Wy ¥ = 


al meth ae 


* 


7 Cig borate meee *¥ hee bars pane ih ab 
¥ Pee. =A I «ie 7 = 
pee Tae Raa, hs * ar | | 


ata 


bd 
FOrtUt a, Le Oa aii s "We nee \ 
ad alndite Satish oe WealG 
et he i cali =a) ie Mian 


abeltig ithe 7 ip beNt' Vine a shee sie — re 


- ae 
Ae ; 


aa # 
' inh pave a) i = 
i Li om J 
+ . ie ee 4 j mh _e . j , a 
bE pg rls et 24-4 
} hid j oh 4 ia 
ch ETS 
Pies 
5 ‘ ' r i e 
id ae At a G 
a) tia 5 ant soe t 
i 7 d 


Figure 


98 
qo 


Van't Hoff Type Plots of the Various Complexing Reactions 
Reactions Between the Potassium Ion and Bases. 


Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 


K’ + glyme = K (glyme) . 
Courtald and Structural Models of Dibenzo-18-crow-6. 
Some Common Cyclic Polyethers. 


Rough Approximation of Alkali Ion--Crown Ether Complexes. 


XVil 


Page 


269 


287 
294 
ae 
aah 


* 
~ 


ete Li 


. eadrienn gue y Lo 02 (eee en 
: = Ma 


; ad - ’ payed! f ve has 


a ee 
; ie ‘mot , ee 


} 
| apciige f> 
¥ { ’ = Bnet “ 
mea hes 
7 . Nah rake : : : 
-, f = 7 Po 7 FE 4 rp ad i Ate a 4 7 _ 
7 as be) abe eS cee ae ee 2 
¥ ; Ne i i 2ae ae ey ie Sip 
aa 
a ~ 
. 
Ai i 
7 7 - + F, 
¥ 
Ta 7 


Table 


20 


All 


ee 


Peony oO FTA Bir ines 


Ion Currents at Various Plates 

Comparison of Thermodynamic Functions Obtained in the 
Present Study with Previous Experimental and 
Theoretical Results. ; 


A Comparison of Pulsed and Non-Pulsed Equilibrium 
Constants. 


Effective and Ion Temperatures. 

Sensitivity Dependence on Field Strength and Pressure. 
Experimental Thermodynamic Values for the Gas Phase 
Solvation of Alkali Ions by Acetonitrile. 

Ratio of Equilibrium Constants at Specific Temperatures. 
Alkali-Halide Solvation Free Energies in Acetonitrile. 
AG_(X ) and ag. (Mm ) from Gas Phase Data. 

Free Energies of Transfer from Water To Acetonitrile. 
Relevant Quantities to Predict Free Energies of Transfer. 
Calculated Free Energies of Transfer. 

Electron Population in Acetonitrile. 

Location of Polarizability Centroids. 

Bond and Molecular Polarizabilities. 


oration Potentials and Polarizabilities of 
Adikalsis Tons. 


Parameters for the Exponential Form of the Repulsion 
Potential for Alkali Ions. 


Electrostatic Potential Energies for Alkali Ion 
Solvation in Acetonitrile and Water. 


Effect of Rotation of the Solvent Molecule on 
Electrostatic Potential Energies. 


KV eLe 


189 


Le) 


194 


198 


455 


“ .- 


“s 


) tarde Seeger 
= rita CNG Traevit a afr e : 


y ia LT. 
az fice 4 ty 1 Layee : ah qed? a 


4 
ik 


scenes a8 a he ‘a 
Jun ae tee Sean ie Ci ae wi oot evita 


ye oi hh! = id “rt orthoses ees ' ; y : 
ihe om ee i : y NE ye 


suhag ay me hes ites rte ithe 
shines ietecliad! * en si peta ite 


a 


yeh iueeee eh 


if 


Ts an zt y : id ; “4 


(i ath Ay: Mt ico ‘ panel see 
mee 


at 
ot _ 
pee 
o 
* 

q J eo 
5) 2 a 5 ipa é 
es = me 
e ae % 

m i 

b is ra 

1 Ss 4 


Table 


28 


res) 


30 


a8 
ae 


22 


3 


oe) 
36 


af 


38 


2 


ho 


Ionization Potentials and Polarizabilities of 
Halide Ions. 


Parameters for the Exponential Form of the Repulsion 
Potential for Halide Ions. 


Electrostatic Potential Energies for Halide Ions. 
Comparison of Electrostatic Potential Energies. 


Comparison of Various Electrostatic Potential 
Energy Calculations. 


Thermodynamic Functions for Amine--Potassium Ion 
Interactions. 


A Comparison of Thermodynamic Properties of Amines 
Interacting with Various Lewis Acids. 


Atomic and Molecular Polarizabilities and Ionization 
Potentials of the Methyl Amines. 


Coordinates for Trimethylamine and Ammonia. 


Calculated Electrostatic Potentials for K’ --Amine 
Interactions. 


Dipole Moments, Total Polarization and Experimental 
Enthalpies of Amine--Potassium Ion Interactions. 


Calculated and Experimental Enthalpies for Potassium 
Adducts with Methyl Amines. 


Best Fit E and C Parameters. 


Calculated and Experimental Enthalpies for Various 
Gas Phase Lewis Acid-Base Reactions. 


FE and C Parameters for Various Lewis Acids and Bases 
Using Drago's Amine Parameters. 


Calculated and Experimental Enthalpies for Various 
Lewis Acid-Base Reactions Using Drago's Base Parameters. 


Thermodynamic Functions for Potassium Ion--Ether 
Reactions. 


Enthalpy and Free Energy at 298°K for Lewis Acid- 
Ether Reactions. 


xix 


205 


206 


ed 


229 


25h 
ent 


eo? 


pie) 


250 


252 


ay) 


254 


LOE 


263 


264 


‘- 


ee 


- | | Vt ee pa her 

-_ ara 

eur vis 

; ‘ ull ” hah ven ij cincaigs A - 
“ eq Bi un hee tah 


; ve Aap! 
1 hy ay aE S4 haat ie 
a a ey 
re 
, a 
% hoe a ie)’ 
= ; ' 4 
- a] 
ey 
i TH? 
e f N/Sae 
i i 
ih iy 
ee at 
(<itum id 
. #) ' 
, 9) Rad r re 
Le 
se 
t > if ,' 
t 
on ’ , = 4’ ‘i 4 Ae Hi at gre 7 
4 “cud nade! dd Ber he eee 
1! aN RS aE 
- Ara Wy Td a i i 


. 9 } , eA By naan le ay ehh og ta : pep 7 by 1 ip I 
Th io: iUs hall. ' Wy o" “ r. ; ae eee |) 7 
-v - a = 5 ane 
7 uM 7 #)* A ase eats x ‘ 
oa, iecaterry “— Pp » ee aia on 
mabe OSS iereteeeane 
- : me is ne an “i sibs Hyd. a. e 
ioe Ae Pes 7 a 
ne Stes ra fd Pe 
f aa ex ii re a win of r r 


y 
wie 


© 


f 
a 


A re 


OH, Sauer ae Ae 
sate Mi wry! yee =m 
a ry. ky Pee: ee 


e- 


Table Page 


Ta Standard Free Energies at 600°K and Enthalpies for 


Various Potassium Ion--Lewis Base Reactions. 267 
hoe Thermodynamic Functions for the Complexing of 

Ethylenediamine and the Potassium Ion. Al 
43 Stability Constants for K -ethylenediamine Complexes. 280 
yh A Comparison of Thermodynamic Properties for Bidentate 

Complexes with the Potassium Ion. 287 
45 Stable Complexes Between Alkali Ions and Some 

Crown Ethers. Co 
46 Melting Points of Some Crown Ethers. 299 


xX 


a ; “s 
ann ek naire 

r . : va 
ia t habs, Wher * pass atienar a 


CHAPTER 1 


INTRODUCTION 


l.l The Present Study 


The present work may be broken down into two distinct 
areas: first, the Gas phase solvation of alkali metal 
ions by acetonitrile and secondly, the relative solvation 
strengths of various amines using the potassium ion as a 
gas phase solute. 

The solvation of alkali ions by acetonitrile is a 
follow-up on three studies performed in this laboratory 
(1:- 4). The first two studies dealt with the solvation of 
halide ions by water and acetonitrile, and the third dealt 
with the Boa Oh: of alkali metal ions by water. The 
results of ‘the present study can, be compared with the 
previous results to gain some understanding of the solvation 
differences between protic and aprotic solvents. Solvation 
thermodynamic functions for ‘reactions 1.1 7-123 were deter— 


mined from a variation of equilibrium constants as a function 


OL Temperature: 
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where M represents the alkali metal ions, Nag KB Rb 


and Ga" 


The relative solvating strength of various amines is 
the foundation of a systematic study of the Lewis basicity 
of both amines aaa ethers. The gas whos ange basicity 
Scale can be easily compared to gas phase Bronsted basicity 
scales as well as to liquid phase basicity scales. 

Multidentate ligands such as ethylenediamine and 


dimethoxyethane were also used to solvate the potassium ion. 


1.2 Related Types of Ion-Molecule Reactions 


Only two types of ion-molecule reactions are significant 
in the present study. These can be classified as clustering 
or attachment reactions and ligand interchange or switching 
reactions. Due to the low ionization potentials of the 
alkali metal ions, charge transfer reactions between the ions 
and the solvating molecules will not occur unless the excess 
translational energy of the ion is significant. Consider the 


reaction 1.4: 
Meus So Na Lh ae! 


For this reaction to be exothermic requires that the ioniza- 
tion potential of S, the solvating neutral molecule, be less 
than that! ‘of sodium, i.e. less than 5.1 eV. Acetonitrile, 


for example has an ionization potential of 12.2 eV, apd 
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therefore, the excess energy needed woulda be Vole CV SUCT 
energy is not provided and charge transfer reactions do not 
Secu. 

Clustering reactions, demonstrated by 1.5, were the 


major type of reaction undertaken in this, study. 
+ + 
M (3) or sese aul (S) 5 


They are an attachment reaction, in which a molecule is 
bound to an ion by essentially electrostatic forces. The 
major attractive forces are those of ion-dipole and ion- 
polarizability interactions. Such reactions are usually 
third body stabilized, the third body being required to 
remove the excess energy due to the exothermicity of the 
reaction. When an ion and a neutral react an excited 


inctermeaiate is formed (5): 
+ Cc + * : ‘ 
Mite eey bor EL Mas) combination 1.6 


Without a third body collision or collisions to deactivate 


this excited complex, it will simply dissociate: 


k 
(M's) ae Me ats) decomposition 1.7 


However, in the presence of a third body, A, the excess energy 


is renoveduand a stable unexcited complex results: 
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The overall reaction may then be written: 


k 

ae jee Ree cael 

M +S PAs MS Thee. 
k k 

a Ss 

Under steady state conditions and at low pressure where the 
rate of decomposition is faster than the rate of deactivation, 


the forward rate constant of a clustering reaction, Kp, 


becomes 


k, = = 11.0 


Typical measured rate constants for clustering reactions 


are in the range k, = ares ie 105°" To molecules ee aa 


(Gy)... 
The formed cluster can also dissociate upon collision 


with a neutral molecule. This leads to the clustering 


equilibrium: 


Under normal experimental conditions, the measured reverse 
-12 
reaction rate constant is usually in the range k, = 10 


16 


to, £07 Gn /sec. 


A switching reaction is one in which a ligand attached 
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to an ion is replaced by another ligand of a different 


molecule. 
+ + 
MA+B2MB+A 112 


Forsthe: reaction 1.12 to: be exothermic, the ion complex 
with the neutral ligand B would have to be more stable 


+ 
than the M A cluster. From doing a series of experiments 


in this manner, it is then possible to set up a table of 
relative stabilities. 
Exothermic switching reactions are very rapid and have 


a GOL aCe see (Tee). 


Per etconceantsiin the order of 10° to 10° 
They are a useful tool in the study of equilibrium constants. 
The formation of a weakly bound cluster followed by a 
switching reaction may produce a more strongly bound ion 


cluster faster than the direct clustering reaction (9). 


Consider the reaction: 
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maa ites Sant, OH He 1A 
: = -30 6 
If reaction 1.13 is relatively slow (i.e. k) = 10 cm 


Weuecules cee) and the pressures of A and B are O.5 torr, 


the half life for the reaction will be about one millisecond. 


= - -1 
Assuming k, to be about 10 sat cem> molecule 1 Sec , the half 
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life of reaction 1.14 is approximately one microsecond. Thus 


if the switching reaction from M* (B) to M’ (a) irs Of a similar 
rate, the two ions MAT and MB’ will be in equilibrium long 
before either is in equilibrium with ee 

If a clustering equilibrium constant for reaction 1.14 
is known and it is desired to determine the similar constant 
fOr reaction 1.16 at pressures at which equilibrium will 
not readily be achieved, a switching reaction of the type 


1.12 may be used. 


MY = ste! Wd MA g eee BS 
M cn = a id MB i Bee Ks) 


Denoting Ky and K, as the equilibrium constants of reactions 
1215 and’ 116 respectively and K, as the switching equilibrium 


constant, it is seen that: 
Ke] kK. x Kg b hog’ ar 


Thus from a knowledge of Ky and the measurement of K,, the 


desired equilibrium constant, K,, may be obtained. 
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1.3 Thermodynamic Relationships Obtained from Gas Phase 
Clustering Reactions 


The general clustering reaction for an alkali metal 


; + 
ion, M , with a solvent molecule, S, may be written: 
+ + 
M + 
(S) 4 seal (S) Lees 


In the present study M represents the alkali metals: Na, K, 
Ro, and Cs. For alkali ion clusters, the interaction is 
mainly electrostatic and it is expected that there is little 
charge transfer. Thus the brackets are placed around the 
solvent molecule indicating the positive charge remains on 
the alkali metal ion. 


The equilibrium eonctanr for, reactiony 16 may sbe 


expressed as: 


Pp 
M+(S) | 1.19 


Pp Some 
M+(S)_ 4 iS 


n-l,n 


The equilibrium concentrations of the two ionic species are 
measured with the high pressure ion source mass spectrometer 
described in the experimental chapter. Since the solvent 
pressure is also known the equilibrium constant can be 
fe tererivicd: 

Other thermodynamic functions can be obtained from the 
measured equilibrium constant. The free energy change, 
is given by equation 1.20: 
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and equation 1.20 the Van't Hoff equation, 1.21, is obtained 


which allows one to determine hE and Ree 
n-l,n n-l,n 


fo) fo) 
epodH 1 AS 
in en nin les noln 12 
Thus by varying the temperature and measuring the corresponding 


equilibrium constants, values may be obtained for the enthalpy 


enc entropy off reaction 1218. 


1.4 The Nature of Solvation 

| The solvation of an ion in a Liquid solution is a 
complex matter. Many models have been used to explain 
solvation, but none have been able to describe all the 
phenomena which take place in solution. Most of these models 
deal with hydration, but some can be expanded to incorporate 
other polar solvents. 

In general, all the acceptable models agree upon the 

idea that there are two types of solvation occurring when a 
gaseous ion is dissolved in a solvent. The first can be 
referred to as primary solvation. This is an interaction 


between the ion and the polar solvent molecules which are in 
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contact withiit. These molecules will be immobilized and 
move aS an entity with the ion. Naturally, the stronger the 
interactions, the larger the number of solvent molecules 

which are immobilized by the ion. One relationship predicting 
the size of this “solvation shell" is shit ee the Stokes-— 


Einstein equation (10): 
a> 0.819/A0oN 


The radius C. is referred to as the Stokes radius of the ion, 
No isithesmobilityroftrtheyvion in solution,-and! isthe 
viscosity of the solvent. For example, the Stokes radius 

of Na™ in tetrahydrofuran is 4.2 De compared to a "bare" 
radius, offer 1:2 Se whereas Cs* has a Stokes radius of 2.4 a° 
with a corresponding "bare" radius of %1.9 A°. From this 

it has been concluded that the sodium ion is solvated by 
tetrahydrofuran, but the cesium ion is not (11). 

The second type of solvation can be referred to as 
secondary or distant solvation. This refers to the inter- 
actions between the ion with its intimate solvation shell 
and the bulk of the solvent. i «The: Bornsequation; 1222, is 
a classical electrostatic relationship, which predicts the 
free energy change of immersing an ion of charge Ze with 


radius, xr, from a vacuum into a solvent of dielectric 


Conetants, Da (12): 
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This equation can be used to evaluate secondary solvation by 
replacing the radius of the ion with the raditis o£ the first 
solvation shell. These two types of solvation, ae 

primary and secondary, lead to the "sphere in continuum" 
model of solvation (13). . 

One of the first useful solvation models was that of 
Bernal and Fowler (14) as modified by Eley and Evans (15). 
In this model, the monovalent alkali cations are all four- 
coordinated in an inner solvation shell. To determine the 
theoretical AH hydration, the authors used the cycle shown 
in Figure 1. It starts with an ion in the gas phase and 
liquid solvent, A} represents the energy required to remove 
a cluster of five solvent molecules to the gas phase. (The 
cavity pene in the solvent is Leese used to accommodate the 
tetra-solvated ion). ) g represents the energy to dissociate 
the five molecule solvent cluster into five separate 
molecules. ois the energy released when four solvent 
elieia tives are tetra-coordinated to the ion. Yis the energy 
released when the tetra-coordinated ion is put back into the 
solvent cavity. Finally, L is the energy released when the 
remaining solvent molecule is returned to the solvent, i.e. 
the free energy of condensation. 

Various assumptions were made in order that the authors 
could evaluate the energy terms. A simple ion-dipole model 
was used to calculate tT. Dispersion forces and electronic 
repulsion forces were considered to be small and to cancel 


each other out and thus were ignored. The lateral interactions 
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5 solvent molecules tetra coordinated 
separated and ion in T R lon and one water 
molecule 


the gas phase 


2, Gilvisincre Cnt Ginkigs ion in solution and 


solvent molecules in 
one water molecule 


the gas phase and 


in the gas phase 


ion in the gas phase 


r —L 


ion in the gas phase AH 
5 ion in solution 


and liquid solvent 


AH. = d+ B- lla DAs bs 


FIGURE 1 Bernal and Fowler, Eley and Evans Model of Ionic Solvation. 
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between water molecules were also considered negligible and 


were neglected. The energy term, 17, was then said to be: 


fe SNSGES Zee 12.23 
x 
where Ze is the charge on the ion and we is the fractional 
charge on the individual atoms of the solvent molecule. 

The term 8 was calculated in exactly the same way as 1, 
except a water molecule, and not an ion, was the centre of 
“the tetrahedron. 

The terms 4 and y were determined as an entity by 
setting the difference }-y equal to the sum of a structure 
reorientation term, 9%, and a Born charging term given by 
equation 1.22. @ was said to equal 8 kcal/mole for the 
reorientation of water molecules around a positive ion. 

As primitive as this model was, it predicted fairly 
Bes ueate heats of hydration for the various ions studied. 
Nearly all the ion-solvation cycles which have been proposed 
Since 1940 are based on ‘the Bernal and Fowler-Eley and Evans 
cycle. 

In 1957, Frank and Wen (16) proposed a slightly more 
sophisticated model of solvation, and particularly hydration. 
Their model was similar to the Bernal-Fowler model except 
that a region between the solvation shell and the bulk 


solvent was introduced. This region, which was coined the 


"Structure-breaking" region, consisted of solvent molecules 


which were more random in organization than the normal bulk 
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solution. The solvent molecules, in this case water molecules, 
were disorganized due to the competition between the forces 

of the electric field produced by the ion and forces present 
in the normal liquid structure. 

One of the most recent models of ion solvation is due 
to Bockris and Reddy (17). In this model, the solvation 
Shell of the ion is composed of solvent molecules bonded 
to the ion as well as non-coordinated ligands which are in 
turn bonded to the bulk solution. These non-coordinated 
ligands occur because their dipoles do not rotate into an 
attractive position. Bockris and Reddy also postulate that 
the structure-breaking region (in the case of water) will 
consist only of a monolayer of solvent molecules. 

eeeraae and Saluja (18) used a hypothetical cycle for 
determining the heats of ionic solvation (Figure 2) and 
found that the Bockris-—Reddy model was most consistent with 
experimental data. The cycle involves the following steps: 
(1) evaporation of n solvent molecules, where n is the number 
of molecules in the solvation shell; (2) the gain on 
interaction of an ion with n solvent molecules; (3) a Born- 
charging term; and (4) the interaction among the molecules 
in the first shell with molecules in the bulk solution, i.e. 
a structure breaking term. Gas phase solvation studies such 
as those carried out in this laboratory give accurate 


experimental values for the second term. 
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FIGURE 2 Bockris and Saluja Solvation Cycle. 


4. 


ion solvent complex 


returned to solvent 


AH | (structure 
breaking) 


interaction of 
complex with outer 
layer molecules 


ions in solution 


= ee, 
x 


er ete ote ee 


iPigaie. wes 
ne = y Pia nivale i 


Scene Ties rol PAR) 


. ‘ 
; fe . ; 
re 
onmatelt ve 


rey 
ane Sie oie OR sii 


P \ 
i. : 
€ 
. * j af To ; 
oh end = ¥ i te a 
Nee 
y 
"= ike 
: t 
. ” ' 
; ®. 
. I 
‘2 4 7 
= © - m a | i 7 
be: s ' 
fe 
x. 
5 , iy 
: @ 
a 7 : 
, =» 
' d 
: 
7 
' t 
o 
7 a 


ie 


Cony A ves 
‘ la Sto r>9 isdict a) ay, picene A 
ono A ; b “I eye : Py 


Aloe 


Ls5- Acetonitrile as a Dipolar Aprotic Solvent 


Protic pout ionier such as water, methanol, formamide, 
and hydrogen fluoride have a hydrogen atom which has partial 
positive charge and is suitable for the formation of fairly 
strong hydrogen bonds. Dipolar aprotic solvents, such as 
acetonitrile, acetone, dimethylformamide, dimethylsulphoxide 
and propylene carbonate, are defined as such since they have 
a dielectric constant greater than 15, as well as lacking 
polar hydrogen atoms capable of engaging in strong hydrogen 
bonds (19). | 

In a review article, Parker (19) has discussed at length 
how anions, especially those which form the strongest hydrogen 
bonds, are much less solvated in dipolar aprotic solvents 
than in protic solvents. This means that the anions are 
more "active" in aprotic solvents and chemical reactions 
involving anions are, as a result, much more efficient in 


aprotic solvents. For example, the Sx2 reaction (20): 


CH,I + Cl” + CH,Cl + ce 1.24 
proceeds at a rate 10° times greater in the aprotic solvent 
dimethylformamide than in the protic solvent methanol. 
Similarly, HCl is a strong acid in methanol (21) but a weak 
one in acetonitrile (22). This is because the solvation of 
Cl” in protic solvents assists the dissociation o£ the acid 
through NE formation of hydrogen bonds (19). 


Most dipolar aprotic solvents contain a nitrogen or an 
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oxygen atom with a lone pair or pairs of electrons. This 
means that there is a more distinct centre of the negative 
dipole and one would expect that cations would solvate better 
than anions in a given aprotic solvent. Thus, it is generally 
believed that dipolar aprotic solvent solvate negative ions 
poorly, but are fairly effective in positive ion solvation. 
fhe total solvation of a pair of ions like Na* and Cl can 

be readily determined, however, the individual or single 

ion solvation energies are far more difficult to obtain. 


Some attempts to do so are described in the next section. 


1.6 Related Solvation Studies in Liquid Acetonitrile 

The evaluation of the thermodynamic functions involved 
in solvating a single ion (whether a cation or anion) in 
any solution, remains one of the classical problems in 
solution chemistry (23). Likewise, the determination of 
the change in these functions with a change in solvent for a 
particular ion remains equally as abstract. In this section, 
the various methods used in determining the alkali metal 
ion solvation energies in acetonitrile will be briefly 
discussed. A more detailed description is given ina 
review article by Popovych (24). All methods are based on 
an extra-thermodynamic assumption of some sort. 


The partial molal free energy of a solute, i, in 


acetonitrile may be represented as: 
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ro) : 
where G; (an) is the standard free energy of the solute in 


acetonitrile, and a, (an) is the activity of the solute in 
acetonitrile. For water as a solvent, the partial molal 


free energy will be: 


Me fe) 
G. G. (w) + RT ln a, (w) 1 PAE, 


The difference between the standard free energies of the 
solute in water and acetonitrile, which is defined as the 


free energy of transfer, AG from water to acetonitrile, 


toad 


then becomes: 


z & a. (w) 
AG, zs G, (Gato mes G. Ge RE in a, (an) 27 
At infinite dilution: 
Be aneidis a che caning tt ne 
a, (an) a y, (an) ne ae 


mie fe referred to as ne medium effect (24) or the solvent 
activity coefficient (19). The medium effect, rather than 
the standard free energy of transfer, is the term most often 
quoted in literature, but it is a relatively simple matter 
to transform ve} into AG, . Thus from taking acceptable 
values for the free energy of an ion in water and determining 


the free energy of transfer, the free energy of the ion an 


acetonitrile can be obtained. 
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A Methods Based on the Born Equation 
| The’ Born equation is the simplest expression for 

estimating the solvation energy of an ion (12). The free 
energy change, AG, represents the difference between the 
electrostatic free energy of a spherical ion in vacuo (D=1) 
and the energy in a continuum of uniform dielectric. The 
Born equation (1.22) has many drawbacks. The parameters 
usually used are the crystallographic radius of the ion and 
the bulk dielectric constant of the solvent. This means 
that it unreasonably assumes that the ionic radius is not 
affected by solvation and that the dielectric constant in 
the vicinity of the ion remains the same as in the bulk. 
Also, it ignores the short range electrostatic interactions 
between the ion and solvent molecules, as well as all non- 
electrostatic contributions to the solvation energy of an 
TON’. | 

Latimer, Pitzer and Slanski (25) offered a modification 
to the Born equation in which the radius of the ions were 


corrected to fit experimental data: 
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where R’ and R~ are empirical corrections to the cation and 


ec a - : 
anion crystallographic. radii, xr. and ©r respectively. 


Using this method, Strehlow and his co-workers (26) 
+ Pape . 
determined 'a correction term R of 0.72 A for rubidium in 


acetonitrile. This led to a value of AG, which showed that 
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rubidium was more strongly solvated in water than in 
acetonitrile. This conclusion was reached since rubidium 
was reduced at a less negative potential in acetonitrile 
than in water. This meant that eisai was likely more 
solvated in water, and thus not as "available" for reduction. 
In order to obtain single ion thermodynamic functions for 
the solvation of the alkali ions in acetonitrile, they 
imposed another restriction on the Born equation. Rather 
than just comparing the differences in single ions in the 
two solvents as Strehlow aid, they compared the difference 
between ion pairs (eg. eh cae Na oRb’, etc.) in both 
acetonitrile and water. Their value of 2 became 0.81 A for 
the alkali metal ion in acetonitrile and the modified Born 
equation then predicted a more favorable solvation of 


alkali ions by water than by acetonitrile. 


B Izmaylov Extrapolation Method 


Izmaylov (28) interpreted the solvation of ions as a 
process in which the ion accepts unshared electron pairs 
of the solvent molecule into its vacant orbitals. He 
assumed that the solvation energy differences for isoelec- 
tronic alkali and halide ions would approach zero with 
increasing an where n is the principle quantum number of 


£. i 
the lowest vacant orbital of the ion (for Na, F, n=3; 


ae CY }4n=4*" and so on). Therefore, by plotting the 
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2 ; Z 

vs. 1/n” and extrapolating to 1/n =0, the solvation energy 
3 © Oo 

of an ion, ae. , could be determined. Once the AG of 


any ion was estimated in a solvent, it was possible to 
determine the AG's of all the other ions through their 
electrically neutral combinations. His results predicted 
a slight solvation preference for alkali metal ions in 


water compared to acetonitrile. 


C Solvent Independent Electrodes 


The difference in solvation energies of an ion can be 
directly related to the difference in the standard potentials 
of an Brerirods in two solutions. Thus if a reference 
electrode could be found in which the ion had the same 
solvation energies in all solvents, it could act asa 
reference in determining the solvation energies of other ions 
in a variety of solutions. Pleskov (29) postulated that the 
rubidium ion, with its large radius and low polarizability 
should have approximately the same solvation energies in 
all solvents and that eve rubidium electrode could serve 
as a solvent-independent reference electrode. One would 
feel that cesium would be even more solvent independent 
due to its larger radius, but Strehlow (30) has pointed out 
that the difference in standard potentials of Rb’ and Cs" 
is nearly independent of solvent, and thus Rb- foltvils alt 
the qualifications of cesium. Although the rubidium method 
is plausible for comparisons of very similar solvents, its 


major importance is that it paved the way to more sophisti- 
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cated empirical approaches. 


Dey Kererence: BlLectrolytes 


The most commonly used and most widely accepted extra- 
thermodynamic method of determining single ion solvation 
energies (via free energies of transfer) is the use of a 
reference electrolyte, in which the cation and anion 
supposedly have equal medium effects. This method requires 
that the cation and anion have similar size and structure 
and that the atom which has the charge be "buried" under 
Similar groups. Common reference electrolytes are tetra- 
phenylarsonium-tetraphenylborate (31), tetraphenylphosphonium- 
tetraphenylborate (32) and triisoamyl-n-butylammonium 
tetraphenylborate (33). Thus in the case of Ph, As-BPh,, 
it is assumed dG, (Ph, As") = AG, (BPh,~). It has been 
suggested (24) that the solvent-solute interactions of these 
large ions may be determined primarily by the four neutral 
phenyl groups and no specific solvent interactions with the 
central ion takes place .to any extent. 

This method has been applied to acetonitrile (24,31) 
and free ereeotes of transfer were determined which demon- 
strated that water solvates alkali ions slightly better 


than acetonitrile does. 


E Free Energies of Solvation from Volta Potentials 


Ene only technique that seems to have been developed 


to evaluate absolute solvation energies of single ions 
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without any assumptions about the dimensions of the ions 
are those based on the measurement of the Volta potential 
between an electrolyte solution and another surface separated 
from the solution by a vacuum or inert gas (35). Randles (36) 
has applied this method to the determination of the absolute 
energy of hydration of alkali and halide ions. 

The experimental setup used by Randles consists of 
a glass tube through the centre of which flows a small jet 
of mercury. A solution of KCl flows along the inner 
surface of the glass tube. An inert gas such as nitrogen 
Or argon insulates the solution and the mercury jet. If 
the outer, or Volta potentials, of the two liquids are 
different, an electric field is created in the gap. However, 
the charge on the surface of the mercury is carried away 
when the jet breaks up into droplets. Eventually, the jet 
will reach a state of equilibrium when the outer potentials 


of the two liquids are equal. The emf of the cell: 


Hg jet|N,|KCl(a = 1) |Hg,C1..] Hg 


which can be called FY°, corresponds to the first reaction 


Given below: 
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By considering the cell K|Hg|Hg,Cl,| Kcl (a =2)))| along with 
the electron work function of mercury W and the sublimation 
and ionization energies of solid potassium, the free energy 
of solvation of Ke is obtained following the above sequence 
of equations. 

From Randles!' value of the absolute free energy of 
hydration of the potassium ion and available thermodynamic 
Pacey an absolute scale of free energies of hydration can 
therefore be set up. 

Case and Parsons (37) determined the value Ce 
(acetonitrile) by measuring the difference in the free 
energy of solvation of the silver ion in acetonitrile and 
water (i.e., the free energy of transfer), by the Volta 
potential technique. Since the free energy of silver ion 
hydration was known from Randles, the free energy in 


Pee onitrile could be obtained from the free energy of 


transfer. 
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In the Case and Parson setup (38), an aqueous AgNO , 
solution flowed down the surface of a glass tube, while a jet 
of acetonitrile solution of AQNO, was directed down the axis 
of the tube in a stream of nitrogen. The compensation 
potential, E, of the system: 

Ag| AGNO. (M) IN, |AGNO, (M')| Ag 

water acetonitrile 

was measured. (M) is the molarity of AgNO, in aqueous 
solution and (M') is the molarity in acetonitrile. 


The free energy of transfer was calculated from the 


relationship: 
ées a, +(w) 
Gre = =F + -RT In AG 2530 
@agt (an) 


where F represents the Faraday. 

It is felt that this method is the best manner of 
determining single ion solvation energies and, therefore, in 
the present work the Case and Parsonsvalues for the solvation 


of alkali and halide ions by acetonitrile are considered the 


most accurate. 


1.7 Gas Phase Ion-Molecule Solvation Studies 

Single ion solvation thermodynamic functions in the gas 
phase are quite readily determined by the use of high pressure 
mass spectrometers or related instruments. Unlike the liquid 
phase, the complication of having both cations and anions 


solvating at the same time is removed. Intrinsic thermodynamic 


{Sitoé. SNCSEIPS ng 08) | bee 9 
got # otidw ,eda# sesty: 6 Je a 
nine ott wos petoeath s5W _<beie 

aoigsensignos eds 


emopcngé ae Ola ve cv Cs tesa 
sirisinodass nt wm at ot OM Baw 
eit, mons Fea ceria om ae ore voit 


sigtetenot tod 
a) a . 


a 
i 


“an 


OE .f a a ps am ‘i 
fee | a 
ne ee “3 
} to sa0nden as: sa chal pats sah 4 
nt easiaads ga, aR EVES no ofgnte x fir fate | 


nokswvboe sit so sini dand 
ott? henairnoo exe. atinyimasens * Sak abet Lert a “tLe to 
| “99819008, from 


y P 


“ai Sida. imate eat al ie 
abe ari tek. Addmeaie almanybornads nat tev Los not aipnre : 
ores AA- 30 ORL side ye seusnutiieniniaiea <Dibeer: ‘Sahu ois wssig 

Bbopet at Sea o tughigra sah bods los 10 2 ugdomorsoeqs 2esat 


amo bas bas 2 foi tio ithe pniverd to nv! bade Lange ‘eit - sound, | 


T 


MY 


4 
Sikieybon ons ‘Steapaiee Hayowas ei omnis ombe ont $8 onltevion.” 


CD. 


values for the ion-solvent interactions in the solvation 
shell can then be obtained experimentally. A general 
history of ion-molecule clustering reactions is given by 


Dzidic (39) and will not be dealt with here. 


A Solvation Reactions Studied in the Present Laboratory 
In the past few years, the following ion-molecule 


solvation reactions’ have been carried out in this laboratory: 


+ 
H (H50) 
The H’ (H,0), system has been extensively studied in this 


laboratory. Equilibrium constants and thermodynamic relation- 


ships were determined up to n = 8 (40) for the reaction: 
PGs 0) eri 0 One 0) igen 
SRST a g ye, ied ie a e' PRA ; 


and the values obtained (to n = 4) were reproduced more 
recently (41) within experimental error using a slightly 
different experimental technique. 

The kinetics of the above reaction have also been 
studied extensively (42, 43) under various experimental 
conditions, and the temperature dependence of the forward 


and reverse reactions have been determined. 
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+ + | 
NH, (NH,) 0, NH, (H,0) and Mixed Clusters 


As was the case with the H” (H,0) system, the NH,” (NH 


a 
system has undergone a great deal of research in this 


laboratory (43 - 46). Thermodynamic values for the reaction: 


have been determined for values of n up-to 5. 

By using a large water to ammonia ratio, it was possible 
to study the solvation of the ammonium ion by water (44). By 
increasing the ammonia concentration mixed cluster equilibrium 


constants and thermodynamic values for the reaction: 


+ 


+ 
4 + NH,” (NH,)(H,0), 1.33 


SU ove Mashey SN a aca 


were determined (43, 46). 
ae OH) a H’ (CH,0CH,) 
Suan ieee Us 
The importance of hydrogen bonding in solvation reactions 
has been shown (47) by comparing the following reactions: 
+ 
H (H,0)._, + H,0 2H (H,0), i234 


+ + 
H (CH,0H) 4 + CH.,0H >H (CH,0H) . 1335 


+ + 
H (CH,0CH,) 4 + CH,0CH, + H (CH,0CH,) L236 
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The protonated water and methanol species easily formed 
clusters containing more than two ligands. However, the 
dimethyl ether clusters with n equal to or greater than 3 
WELe Very Unstable.’ This is thought to be due to the lack 
of available hydrogens for hydrogen bonding. 

This work was continued (48) in the determination of 
ion equilibria for protonated mixed water-dimethyl ether 
clusters and for protonated mixed methanol-dimethyl ether 
clusters. This study again showed the importance of 


hydrogen bonding in cluster stability. 


xX (H,0) and M’ (H,0) 

The gas phase hydration of halide negative ions (1) 
and of alkali metal positive ions (3, 4) has been studied in 
this laboratory. The thermodynamic quantities AH, AG, and 


AS have been determined for the general reactions: 


e 7 E37 
X (H50) 4 + H,0 >X (H,0) eB 
+ + 
M (HO), + H,0 2M (H,0), 1238 
eS = + + i+ + + 
WheLer<an=crn, Cl ja Broap Is fand MG=ytdad ppNar aK AR eeCs: <2 


The values obtained from the alkali ion hydration studies are 
very valuable in comparing the solvation properties of the 


ions in water and acetonitrile, which is done in the present 


study. 
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x (CH,CN) 


The temperature dependence on the equilibrium constant 


or, the reactions 
Xx (CH,CN)_, + (CH,CN) 2 X (CH,CN) . Loo? 


has been studied for values of n from 1 to 4 or 5 in this 
laboratory, where X is a halide negative ion. The thermo- 
dynamic quantities so obtained have also been compared to 
those determined from the halide solvation in water (1). 
The data obtained from this solvation sequence provide an 
opportunity to compare alkali metal ion solvation in 


acetonitrile with that of halide ions. 


B Other Related Gas Phase Solvation Studies 

Gas phase solvation studies of alkali metal ions 
undertaken in laboratories other than this one have been 
Picts concerned with atmospheric reactions and not directly 
concerned with a comparison to liquid solution. No research 
done on the solvation of alkali metal ions in dipolar aprotic 
solvents in the gas phase could be found in the literature. 

McKnight and Sawina (49) have used a drift tube to 


study the clustering of cs’ with water: 


+ ": 
Cs (H,0),_, + H,0 2 Cs (H,0), 1.40 


for values of n up to three. The determined values of -AH 
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and -as° are considerably lower than those observed by 
Dzidic and Kebarle (3). McKnight and Sawina also determined 


the -AHG 1 and -AS5 1 for the clustering of cst with SO, as 


2 
well as the rate of the reaction. They found that the 
forward rate of this reaction was greater than that with 


Zo 


water (3 x 10 ~ = 


6 —zZ ey cd = 
cm molec. sec in SO, compared to 9 x 10 


erected vebieaiel Preis in sph Shy yet the -AH of the water cesium 
reaction is larger by over a kilocalorie/mole. 

Tang and Castleman (50) using a high pressure mass 
spectrometer have demonstrated by the gas phase hydration of 
Pb’, that the electronic structure of the ion plays a role in 
cluster stability. The alkali metal ions are isoelectronic, 
and it is expected and has been found (3) that the size of 
the central ion is the dominant factor in the stability of 
the ion-water cluster. The monovalent lead ion, however, 
Jas 2 (6s6p") valence configuration and these remaining 
electrons appear to influence the bonding of the ion with 
water. The lead monovalent ion bonds almost as strongly to 
water as does the sodium ion for the first water molecule, 
which would not be expected from their comparative sizes. 
However, as the number of water molecules increases, the 
reaction enthalpies tend toward the values obtained for the 
hydration of Cs’, an ion of approximately the same size as 


Pb’. 
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1.8 Acid-Base Interactions 

The second part of the present study is concerned with 
the gas phase basicity of some amines and ethers, using Kt 
as a reference Lewis acid. G. N. Lewis has postulated (51) 
that all chemical complexing reactions can be attributed to 
acid-base interactions. In his definition, an acid is any 
species which can accept electrons, whereas a base is any 
Species which can donate electrons. To avoid confusion 
with Bronsted acids, which are defined as proton donors, 
these generalized acids are usually referred to as Lewis 
acids, or electron acceptors. Bronsted bases are defined 
as proton acceptors and Lewis bases as electron donors. 

All metal atoms and ions are Lewis acids. However, 
it has been demonstrated (52) that they interact with 
different bases in different ways. That is, a certain base 
may interact strongly with one acid and very weakly with 
another acid, whereas a second base may interact with the 
two acids in the opposite way. This difference in acid- 
base interactions has been studied in detail by Pearson 
(53 - 55), who has described these peculiarities under the 
"Principle of Seva and Soft Acids and Bases" (HSAB). 
In this theory all Lewis acids and bases can be classified 
ee "“hard”’,. “sort”, or “borderline”. The’ terms *hard” ara 
"soft" stem from the inability or ability of the acid or 
base to be polarized. "Hard" acids in general are small 
in size, have high positive charge and do not contain 


unshared pairs of electrons in their valence shell, whereas 
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WeoLt! acids are large in size, of low positive charge and 
often contain pairs of d or p electrons in their valence 
shell. "Hard" bases have in general a donor atom of high. 
electronegativity and low polarizability such as F, O, or N. 
The term "hard" describes how the donor atoms hold on to 
theirrelectrons tightly. Donor atoms which hold on to their 
electrons loosely due to low electronegativity and high 
Pelertzabilicy vare.thus referred toras"soft" bases. 

Due to the presence of nitrogen or oxygen, aliphatic 
amines and ethers are classified (53) as "hard" bases. 
The presence of an jaromatic ring tends to "soften" the donor 
atom and compounds such as aniline and pyridine are thus 
placed in the borderline category. Of the alkali metal 
ions, Tae Nery and Kr have been classified by Pearson as 
"hard" acids. (53) with the degree of hardness decreasing 
with an increase in ionic size. oh has been classified as 
"soft" and it seems reasonable to assume Rb" would be 


"borderline". 


Mulliken has offered a very detailed classification of 
donors and acceptors involved in complexing reactions (56). 
Alkali cations in his system are classified as vacant- 
orbital acceptors or more simply v-acceptors. The amines and 
ethers used in this study are classified as onium donors or 
n-donors. Onium donors are described as systems containing 
relatively easily ionized atomic lone pairs. Thus, it 
would eae that an onium donor could be a "hard" or "soft" 


base under Pearson's definition. Likewise, Mulliken's 
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v-acceptors contain both "hard" and "soft" Lewis acids, since 
MieChLewSHehOrCricen. on cor polarizability in his classification. 
According to Mulliken, n-donors and v—acceptors should form 
fairly stable n-v complexes (56), the degree of interaction 
being related to the donating and accepting powers of the 
two species. 

In the present study, the potassium ion is used as a 
reference Lewis Acid. It is classified as a "hard" acid 
and v-acceptor and thus it is expected to interact mainly 
with "hard" bases and n-donors. From studying the standard 


free energy or enthalpy of a series of reactions: 


Tealraar apasice 1541 


a relative ccalte of ‘basicities may be set.up. 

In recent years a great deal of attention has been 
placed on the Bronsted gas phase basicities of amines and 
ethers. The relative proton affinities of many bases have 
been studied by various authors (57 - 65) and a fairly 
consistent Bronsted basicity order has been determined. 
This gives us an opportunity to compare the two basicity 
scales using different reference acids. Also, it is of 
interest to compare the basicity order determined for the 


potassium ion with that of a well studied neutral Lewis acid 


such as ELEN 
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1.9 Related Gas Phase Basicity Studies 


A The Proton as a Reference Acid 

Recently, a great deal of research has been done on the 
gas phase protolysis of various bases. The experimental 
techniques vary, but all are interested in determining the 
proton affinity, i.e. the enthalpy change for the deprotonation 


reaction 1.42, for various organic bases, B. 
BH >Bt+H 1.42 


Due to the strong interaction between the proton and organic 
bases, in order to determine the proton affinity it is 
necessary to measure equilibrium constants for proton 


exchange reactions for two bases, By and Bo, suchras “bs43's 


Using this technique, snd assuming that the proton affinity 
of a reference base such as ammonia is known, and that entropy 
changes in the proton transfer reactions are so small that 
Ly Carn“belcaid: “tH Mae ="-RPIn bee A more precise 
method would be to measure the temperature dependence of 
reaction 1.43 and thus determine AH directly. However, it 
has been found (59) that the ent ropy values were usually 
léss than 3 e.u. and thus AG » 4H to within 1 kcal/mole. 

The major experimental techniques used to set up a 


"Bronsted" basicity scale are high pressure mass spectrometry 
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(57 - 60) and ion cyclotron resonance (ICR) spectrometry 
(61 ~)65). | 

The original qualitative gas phase basicity scale was 
determined by Munson (58) in a high pressure mass spectrometer. 
By utilizing equilibrium conditions, Kebarle and his co-workers 
in this laboratory (57, 59) have obtained a more quantitative 
ace of amine basicity. They demonstrated eae len 
the ratio of the components in the proton transfer reaction, 
1.43, by up to a factor of 100, that the equilibrium constant 
is independent of the pressure ratio. From these equilibrium 
constants, the proton affinities of various bases were 
determined using the proton affinity of ammonia (64) as a 
Standard. This work was continued to diamines, and the 
results demonstrated that there was a large entropy effect, 
accounted for by the cyclization of the proton bound diamine 
(57). 

Brauman, Riveros and Blair (61) obtained a qualitative 
basicity order in the gas phase by using ion cyclotron 
resonance spectrometry. With this technique, ions are 
forced into a circular orbit by a strong magnetic field. 

By maintaining the ions in this orbit for several hundred 
milliseconds , they undergo many ion-molecule collisions. 
Pressures must be kept very low, 107° torr (61), so the 

long time spent in orbit by the ion is essential for the 
achievement of equilibrium. Quantitative data (62 - 65) 
provided by this method for the gas phase basicity of amines 


are in good agreement with high pressure techniques. 
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B Trimethyl Boron as a Reference Acid 
Trimethyl boron has been described by Pearson (53) as 


a "borderline" Lewis acid, and by Mulliken (56) as a vacant 
orbital acceptor. In these respects it is very similar to 
the potassium ion, in that the potassium ion is supposedly 
Hearly borderline”, although classified “hard”, and it “too 
is a vacant orbital acceptor. However, the interaction 
between trimethyl boron and a base cannot be expected to be 
Similar to the interaction between the potassium ion and 
the same base. Whereas KT is charged and spherical, B(CH,), 
is a neutral acid and interaction with a base would be 
stereospecific: due to the methyl groups. Also, when boron 
complexes are formed, the donated electron pair completes 


the valence octet, and boron becomes approximately sp 


hybridized (66). That is, the geometry of the trimethyl 
boron changes from trigonal Se hybridized) to tetrahedral. 
Such rehybridization will not occur with the potassium ion. 
nen boron readily forms complexes with amines. 
These complexes are stable enough in the gas phase that the 
thermodynamic functions of the dissociative reaction 1.44, 


where A represents an amine, can be studied. 
AB(CH,), + A+ B(CH,), 1.44 


In the 1940's and early 1950's, H. C. Brown and his 
co-workers studied these gas phase dissociative reactions in 


great detail with the hopes of explaining steric strains 
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K67-—2 71)... The data obtained by this group was summarized 

in a centenary lecture delivered by Brown and later published 
(72). . From this data, a basicity scale using B(CH,), as 

the reference acid can easily be set up, and compared to the 


; a + ‘ 
scales using K or H as the reference acids. 
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CHAPTER 2 


EXPERIMENTAL 


2.1 General 

For the study Orralkar. ion-molecule reections at. high 
pressure, considerable modifications to a conventional mass 
spectrometer must be made. The primary alkali ions are 
generated by thermionic emission from a platinum gauze 
filament, coated with an appropriate alkali-alumina-silicate. 
An electric drift field is applied between the filament and 
the field free equilibrium chamber. The ions undergo 
several collisions with the neutral gas and equilibrium is 
achieved. | The thermalized ions diffuse and many escape 
from the reaction chamber through a low conductance slit. 
A pressure differential is maintained between the high 
paecaure ion source and the vacuum chamber by a high capacity 
pumping system. The pressure in the vacuum chamber is kept 
below Mee LOrT Alans hee the mean free path be greater 
than the dimensions of the apparatus. 

The ions are accelerated and focussed by a modified 
Nier type electrode system and mass separated by a 15 cm 
eee 60° magnetic sector mass analyzer. A Bendix 
spiraltron electron multiplier is used as a detector with the 
output signal being fed into an electrometer or ratemeter. 
The apparatus can be operated in a pulsed beam or static 


mode. 


The mass spectrometer was designed and assembled by 
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J. G. Collins (73) and modified for the study of gas phase 
hydration of an ions by S. K. Searles (74). Further 

modifications and features of the instrument of particular 
importance to gas phase solvation work are described in the 


subsequent sections of this chapter. 


2.2 The Vacuum Chamber 

A schematic diagram of the overall mass spectrometer is 
shown in Figure 3. The basic apparatus was built by the 
University of Alberta Machine Shops and assembled by 
J. G. Collins (73). The main vacuum chamber consists of a 
six-inch diameter tube supporting four ports at right angles 
to each other. One port in the plane of Figure 3 carries 
the ion source and the ion acceleration system, while the 
other is used for removal of the ion source from the 
vacuum chamber. The POLES ‘eatyuighe angles to the plane of 
the diagram carry various electrical feedthroughs, gas inlet 
and outlet tubes, as well as coolant tubes for temperature 
control, of “the, ion source. 

The vacuum system of the mass spectromete:i consists 
Of a 1400.1/sec 6" diffusion pump backed by a-425 liter/ 
second forepump. Above the diffusion pump is mounted a 6" 
diameter gate valve and a 6" liquid nitrogen cooled baffle. 
Using ammonia, Searles (74) measured the pumping speed as 
350 1/sec with the liguid nitrogen baffle uncooled and as 
1900 eee when liquid nitrogen was added to the baffle. 
This difference was due to condensation of ammonia on the 


baffle. The pumping speed was calculated from the pressure 
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drop in the gas handling plant reservoir with respect to 
time and from the pressure in the vacuum housing measured 
by an ionization gauge. 

The mass spectrometer tube and electron multiplier 
housing were not differentially pumped. The pressure in the 


-5 
tube was typically 10 torr for water at an ion source 


pressure of one torr. Ultimate vacuum in the system was 


isc Ces torr. 


2.5  Cheldon Source 

For the study of the solvation of alkali ions in 
acetonitrile, a new ion source was designed and constructed 
(Figure 4). The major reason for changing from the source 
used by Searles (74) and Dzidic (39) was the accurate 
determination of ion source pressure. In the Searles-Dzidic 
source, the filament housing was separated from the reaction 
chamber by a ceramic insulator. Although this insulator 
was a tight fit between the housing and the reaction chamber, 
it certainly was a source of gas leakage to the vacuum chamber. 
In the new ion source, gaS can only leak out through the 
exit. slit, 

The ion source consists of a heavy-walled cylinder of 
stainless steel. A plate, which holds the filament and two 
electrodes, is bolted to the top of the ion 'sburce and 
another plate holding the exit slit is screwed onto the 
bottom pee e cylinder. Two tiny channels were bored into 


the cylinder to allow the reactant gas to enter the ion source 
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and to measure the: ion source pressure. These two channels 
end in flanges which can be bolted to the exterior gas and 
manometer lines. To ensure that there will be no gas leakage 
to the vacuum chamber, except through the exit slit, gold 
"O"-rings are placed around the plates and flanges. 

The plate which houses the filament contains four 
electrical feedthroughs -— two for the filament and one for 
each of the electrodes. Two nichrome studs, 3/32" in diameter 
are silver soldered to the filament feedthroughs. These 
studs were made as wide as possible to cut down on their 
resistance and prevent them from adding to the heat of the 
system. The filament consists of a strip of platinum 
gauze coated with an alkali-alumina-silicate spotwelded 
between the studs. Typical filament dimensions were 7 mm by 
2mm. The filament was normally kept at a current of 
5 amps, with a 2 volt RMS drop across it. The wattage 
requirement of the filament was then 10 watts (compared to 
20 in the Searles-Dzidic system). 

Two cylindrical electrodes are also attached to the 
plate. They are isolated from one another and the ion source 
bya ceramic block, which is bolted to the’ plate. ‘The 
electrodes not only can be used to focus the alkali ion 
beam into the reaction chamber, but also cut down on the 
Girect radiation of the reaction chamber by the filament. 
Three mm Holes were bored into the top of each of the 
electrodes in order that the’ direct heat of the filament be 


kept away from the reaction chamber. The electrodes are 
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evenly spaced: the first being .75 cm from the second, and 


1.5 cm from the reaction chamber. 

The reaction chamber is approximately 9 mm in depth. 
fons enter the chamber through a 2 mm-hole. To ensure that 
Bes a tielda free region, it is snugly fitted to’ the inside 
of the ion source cylinder. Two ports were bored into the 
chamber to allow the reactant gas to enter and to allow the 
pressure of the gas to be measured. The exit slit consists 
of two parallel razor blades spotwelded over a 1mm hole in 
the exit slit plate. The slits used in the acetonitrile and 
amine experiments were 10 to 15 microns in width. 

All metal parts of the ion source ‘were constructed of 
stainless steel. 

The reaction chamber and ion source block are kept at 
a constant vdltage of 2000 volts. To focus the alkali ion 
beam into the ion source, the filament and the two electrodes 
are kept -at a more positive voltage. .The filament is | 
normally kept at 2200 volts, the additional voltage being 
supplied from a 0-400 volt regulated power supply. The 
voltages on the two electrodes are varied using potentiometers 
until a maximum signal is recorded. Common operating voltages 
are shown in Figure 5. Different filaments required slightly 
aifferent voltages. 

The intensity of the ion beam at various electrodes can 
be measured by attaching a vacuum tube voltmeter to the 
electrodes. This was done in vacuum and with one torr water 


pressure to determine the efficiency of the electrode system 
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and the effect of reactant gases on the ion beam. The addition 
of water cooled the filament and more power was required to 
obtain the same ion emission. Table 1 shows the currents 
measured at the entrance to the reaction chamber and after 
che exit slit for both the vacuum case-and with one torr 
water. When the current was being measured on the first 
acceleration plate, the focus plates (Figure 5) were kept at 
a more positive voltage in order that ions did not penetrate 
the first plate. Table 1 demonstrates that the loss of ion 
Signal in the field free region is a factor of 5 x 10° with 
one torr water pressure compared to a factor of 300 in 
vacuum where there is no diffusion but just spreading of the 
beam. Geometrically, the area of the entrance hole to the 
field free region is 3.14 aac and the area of the slit is 


i elite Yo 107° mm, the ‘ratio of the two being, a factor “of 200. 


2.4 The Thermionic Source 

‘The alkali-alumina-silicate filament used as a source 
of alkali ions has many advantages over the Kunsman source 
previously used for alkali ion-water solvation studies. 
Because the filament is enclosed in the same housing as the 
reaction chamber, it tends to heat the chamber. The alumina- 
silicate filament can be operated at lower wattages than 
the Kunsman source and this heating effect can then be 
reduced. Also, it was found that the filament would have 
to be turned on several hours before an experimental run in 
order that the temperature of the reaction chamber reach 


equilibrium. In order to make more than one run a day, it 


ihe eth ange " ac ‘o Be petoten sa +0 
‘f y3 bei iN Pot) , ee mpahes oie lee ane 
is, b2 Peres i elon! Sai vier ee 1 


ier tag GT Seen py 


¥@3 th. ONE “Seno E aay a Ry xk siuekans le tet 
tite. ahanee Solel sit? Maes vet Wie stag 


' = ie 7 i ¥ 
ae é trys) 
4 DAs aA Eescieeed (eae as nae are’ Code 
1a , Vat F aT wa.4 nSs % ' aM of wn? eke gs mo: 
a Tacs } Le LaT ; =} | ' “) ati PO te “gan led av ko eq me 


b45 %1 fal eh | se2nNi178e8 rs 4 sie. sete sigid: 

Lhe ase i pom guesses | i NGhtiin et 3 fis 93 wis ab 

Gite a aoa? Goa Sern Shae “ote Sew 0 
hearenyy 280L, le ala hei o9 at, 's neh paca om 


he f . nana ‘S wai (9 ate oat sh fantasies 


} Fae 


yy yy “| 
ae ot ee. te ‘B90 ona “Pests * east: *Eut Teh cit igiex ses? OF 


a 


=a ‘é i 


<> 
DN 


ae aa suid yin ove a He aaa: ‘en ht ae x 


wat 0 ea - ala wewieatt dagehte erect TE bedi ott) - 


a7» SS © J 
= = 


3 J 
ton xe an oe eo, Arighinigey me “ie Sy ited atolls: ta > 
=a C8 werek 4 ymin, bbet ka, ‘ark bone gnseivent 


whe £p YhT2o el Se ee St oops i> 22°% ape eRe, soumatt» ae 


(ra) 


| | ] . fi 
: 1 thot rr? : . i x Ty v5 o 
aos Chie dtF = ah yeerts Bale “ken ao Bhaag fi an mokseaga > 
a ; 3, . sat Oe mK oe i 


YS eae ee eT ee Deine se: omnnetia 3 
ro? 7in, PASE ae. DIS? ; de, Cen | em bsw, Masten ee ‘en, he 


os 4 
‘ of i - hae ca 


‘eves. bike ia) Sree EF mee vou Vs eit ey a) ena sbeswhern We 


Shi ay prs Ie drel (MER! ss iat iv wh 5s ites a Bets si ont. ay ee) 


a : i ¢ a ahs ; : 7“ a 
poses) oat sheet wit PP Scene ae sul obi ie 
, 7 = - eae Fr, 9 0= i 


- Nai, wr ates” & (EER ee ‘é ny uae ree Ges sual. ie) to hill ard? A J ve [ 


TABLE 1 


Ion Currents at Various Plates 
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was necessary to leave the filament on continuously. The 
Kunsman filament has an effective lifetime of 100 hours (75), 
whereas the alkali-alumina-silicate filament has a lifetime 
of over 300 hours in most cases. This meant the filament 
had to be changed less often, In the Kunsman case, the 
salts were fused on a platinum ribbon. This required great 
Care, since the melting point of the salt mixture is just 
below that of platinum. The filament then had to be reduced 
in hydrogen, which made the whole procedure time-consuming. 
The manufacturing of the alumina-Silicate filament is a. 
much more simple process. In this case, the alkali-alumina- 
Silicate is just painted on platinum gauze using water as a 
base. It was also found that the interior of the ion source 
was kept much cleaner when using the alumina-silicate source. 

The alkali-alumina-silicate was prepared following the 
method of Blewett and Jones (76). The final salt has the 
formula 1R,0 cand A150, : 25i0., where R is the appropriate 
alkali ion. It is prepared by fusing the alkali carbonate, 
aluminum nitrate and pure powdered fused silica with a flame. 
The melts are powdered and re-melted twice. The final melt 
is again powdered and is ready for use. No attempts were 
made to find the salt composition having optimum emission 
Properties, 

As stated before, the major disadvantage of the ion 
source is the heating of the reaction chamber by the filament. 
When the filament is the only source of heat, the tempnerature 


of the chamber varies with the wattage of the filament. At 
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the normal operating current, i.e. 5 amps, the temperature of 
the reaction chamber is 107°C when only the filament acts 
as a source of heat. With a Kunsman filament, the reaction 


chamber heated up to about ike (Oo 


2.5 The Gas Handling Plant 

The gas handling plant used in this work was re-designed 
in order that it could be baked out. The new plant is shown 
in Figure 6. It consists of an inlet to which a needle valve 
is attached to control the pressure of reactant gas, a two- 
liter bulb which can be used to stabilize pressures, a ee 
finger, vacuum lines, lines to the ion source and the manometer, 
and various Hoke valves which can valve off certain sections 
of the plant when not in use. All these are contained in a 
marinite box which can be heated to 150° c for the purpose 
of baking out. The lines to the manometer and to the ion 
source are covered with heating tape so they can also be 
baked out. 

An Atlas-Breman capacitance manometer was installed to 
replace. the pny pnenaleee manometer used in previous 
studies. It was calibrated by using a dibutyl-phthalate 
manometer and a catheometer. The calibration was checked 
from time to time to ensure the accuracy of the pressure 
measurement. The reference side of the manometer is attached 
to the vacuum line and continuously pumped through a mercury 
ee ane. 

In the ethylenediamine complexing experiments (Chapter 6), 


the pressures of ethylenediamine (abbreviated en) had to be 
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kept very low (20 - 150 microns) in order that the "stripping" 
phenomenon’ (section 2.8) did not affect the results. This 
required a special gas inlet system. 

The pressure was controlled by heating (or cooling) 
a bulb containing ethylenediamine by means of a thermostatic 
bath. The bulb was separated from the ion source by a 
stainless steel capillary, 6/100" in diameter and 10 cm in 
length. The capillary, and the tubing between the capillary 
and the bath were heated to about 70 degrees C to prevent 
condensation of the vapors when the temperature of the bulb 
was greater than room temperature. 

The flow through the capillary was viscous. This was 
shown by expanding air through the capillary from a known 
volume into, another volume. in viscous flow, the number 


of moles flowing through a tube is (77): 


aE Te ge ige welae x a Se 
167, 1 RT 


where Ny is the rate of flow through the tube in moles per 
second, "np is the: Viscosity, OL the gas at) temperature T, 

@ 1s the radius of the capillary in centimeters, 1 is the 
length of the tube in centimeters, P, and Pi are the pressures 
at the two ends of the tube. By using high pressures of 


air and expanding into a vacuum Dor ea and the following 


equation will result: 
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Since Py will change negligibly, the pressure in the second 


bulb (P,) will be: 


WherevCG 1s a constant taking into account the physical 
dimensions of the capillary, viscosity of air, temperature 

and the initial value of Po. That the above relationship 
holds for the capillary can be shown by measuring the pressure 
in the second bulb as a function of time and obtaining a 
Straight line. For the capillary in question, this is 

indeed the case as is shown in Figure 7. 

Since the capillary is said to have viscous flow, and 
since the vapor pressure of ethylenediamine is known at 
various temperatures of the bath, Ty the pressure of en in 
the ion source, P(en), will then be: 

P(en) « P o [ exp (- AH|/RTR) ] its 
The proportionality constant was determined at high values 
of P(en) which could be read directly from the capacitance 
manometer. Figure 8 gives the variation of P(en) with the 
temperature of the bath. 

In order that equilibrium be achieved, the carrier gas 
(N.) waS maintained at a pressure of two torr. The effect 
of the pressure of the third body is demonstrated in Figure 
9. The pressure of ethylenediamine (20.71) was as low as 


usually used, so 2 torr was considered an adequate total 
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22° 


pressure to maintain since signal intensities were too low 


at higher pressures, yet equilibrium appeared to be achieved. 


2.6 Temperature Control 


The reaction chamber temperatures above 100° ¢ are 
achieved by using a stainless steel heat cylinder which fits 
around the ion source (Figure 4). The cylinder contains 
12 holes and into each a two-holed ceramic rod is placed. 
Molybdenum wire, 0.010 inches in diameter is threaded 
through the rods with care being taken to assure that the 
wire is not in contact with the ion source. With this system, 


re C can be obtained with little 


temperatures up to 450 
difficulty. Above 450° alkali ions, mostly rag are formed 
from sources other than the filament. Probably this is due 
to direct emission from the ion source into the vacuum 
region. Ions created in vacuo and near the accelerating 
electrodes (Figure 4) are collected with greater efficiency. 
Therefore, even though the extraneous emission might be low, 
its effect is large and. upsets equilibrium measurements. 

For reaction chamber temperatures below 100° C, the 
heating cylinder is replaced with a copper/brass cooling 
system. The coolant, either water or methanol, circulates 
uniformly through the cylinder by a network of tubes bored 
into the block. For temperature regulation and circulation, 
a Calora-Ultra-Thermostat bath is used. To achieve 
Pemperatures from 30 - 100°, water is used as the coolant 


and for reaction chamber temperatures below 30 degrees, 


the bath is filled with methanol and cooled with a 4-liter 
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Stainless steel beaker filled with dry ice. The greatest 
depth of beaker immersion in the bath allowed reaction 
chamber temperatures as low as -23° C. Because the filament 
always acts as a source of heat, the temperature of the 
reaction chamber is always greater than the temperature of 


the bath. For example, at a bath temperature of Se: the 


coolest temperature which could be obtained by this method 
was -23 degrees. This difference becomes less as the 
temperature of the bath is raised. 

The temperature of the reaction chamber is measured 
with an iron-constantan thermocouple. Since it was felt 
that one of the, greatest experimental errors would be in 
temperature measurement, great care was taken in the con- 
struction of the thermocouple assembly. A 2 mm hole was 
drilled through the ion source and the inner part of the 
hole was plugged with silver to give the best possible 
thermal conduction. The thermocouple is made out of very 
fine wires, in order that there be no conductance of heat 
along the wires, and is threaded through a ceramic rod. 
The junction is sandwiched between the silver plug and a 
silver cap at the end of the tube holding the ceramic rod. 
A Soe alesis fitting can be hand-turned to make sure 
that the thermocouple is tightly sandwiched. The assembly 


is shown in Figure 10. 
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2.7 Equilibrium Constants Versus Field Strength 


After having been ejected from the filament, the ions 
come under the influence of an electric field which accelerates 
and focusses them into the reaction chamber. It was found in 
doing the drift studies that at the high electric field 
strength used between the filament and the reaction chamber 
(up to 200 Dae most of the ions entering the reaction 
chamber are unclustered. The translational energy of these 
ions increases as the voltage increases, and in order to 
assure that this does not affect the equilibrium, checks 
were made by varying the field strength and seeing 
whether this affected the equilibrium constant. Figure 1l 
shows the result of such a check for 1.97 torr water pressure. 
The sae yibtiun constant remains constant over the total 
range snd ae. therefore appears that there is no field effect 
on the equilibrium at these pressures. 

Bowevcr. when equilibrium is not being achieved, the 
field strength does have an effect. For example, at very 
low pressures of ethylenediamine (en), the equilibrium 


constant of the reaction: 
K’ (en) eens K" (en), | 2.5 


is very dependent on the field, or more accurately, on the 
field strength divided by the pressure (E/p). Figure 12 
demonstrates this for pressure of ethylenediamine of 30 


microns and a total pressure of N, varying From. to 169 torr. 
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FIGURE 12 Effect of Field Strength on Equilibrium at Very Low 
Pressures for the Reaction: 


K'(en), + en = K(en)>. 
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& — 180v 
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Dashed line indicates actual K,,5 from Van't Hoff plot. 


> , i <4 ig a pen ae 
_ mani! Nie eee ~~ 


7) rv: Be a: 


: Tot ‘ sa : a : . ae FE ba 
> ‘i A “yi Boy aa = a / ~ ra > ‘ é 


‘ | | th re ae ee 


i) 
i a 
i - es 
A - 
: } ; 
F it ae 
= rs 


4 : “a) 3 Soe ‘>~ 


i y 
= Vie 
: fas 
y j id Ley 2s rey 
2 d ie ati i. 
; oe ‘ Pea el a Lo 
* et ey : : weds pa ot 
tfpewre st Eve, | i i init Dats | 
7 


itis ee 


a ' - Bee) 


Ae A Pak al l i at a eet mua mM ALoLe ing "snayeg, 3 


ae es in ee eet ig wat Foden al ‘i Sea ee 
2 ; 1e4 ro f ' ' yf i. s. ae ‘Ay i ; nie ‘ eM 
| A an a’ m2 ' wa | 1 aah cc : - 
i “9 A o2 Lee i ‘ ae 


WEA as eu et i hia ov Foti: aaa bo ‘* ue 
mej oAL = oi ; td oe 


re: : :4 We screlk 


“ais i ah to 


Z j 


mA ee Be ea, ee ng ate ane re _ 
; og Pha OU aa a? Ed oat wal pet 


61. 


In such cases, the field strength was lowered or the 
total pressure raised until a constant ratio of ions occurred. 
If equilibrium was in doubt, a temporal study (Section 2.11)of 
the reaction was made. The total pressure was maintained 
ateabout. 2 torr. 

When doing the experiments with acetonitrile, pressures 
as low as 0.2 torr were often used. In these low pressure 
cases, the danger of field strength upsetting the equilibrium 
existed, but the equilibrium constant did not appear to be 
bothered by the strength of the field. This is shown in 
Figure 13 for the Rb Sacetonitrive 1,2-reaction. However, 
when low pressures of any reactant gas were used, such a 
check was always made and in certain cases the field 
strength had to be lowered at low pressures to extend the 


pressure range at which equilibrium could be measured. 


220 EOUA) tbrium Constants Versus Pressure 


If the reaction being studied is at equilibrium, a 
change in pressure should not affect the equilibrium constant. 
At every temperature at which a reaction was studied, the 
pressure was varied and it was found to be constant over a 
certain pressure range. Acetonitrile was found to cluster 
quite readily and for the Ki 2? Ko 3° etc., equilibrium 
was achieved at pressures as low as 0.16 torr. Pressures 
below this were difficult to determine accurately. For 


the K reactions, the lowest pressures at which equilibrium 


Ort 
appeared to be achieved was 0.3 torr. As the pressures 


became larger, however, the equilibrium constants began to 
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T=225C 
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FIGURE 13 Effect of Voltage Between the Filament and the Reaction 


Chamber at Low Pressure for the Reaction: 


Rb’ (CHgCN) + CHsCN = Rb (CHgCN)> . 
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drop off quite rapidly. This had also been the case in the 
water-alkali ion studies, but the drop occurred at higher 
reaction chamber pressures and was not as rapid. Figure 14 
shows the variation of the equilibrium constant with pressure 
beyond the range used to determine the "true" equilibrium 
eonscang for the reaction: 


+ + 
K (CH,CN)) PCH CN) ok (CH,CN) , 2a6 


é 
All the clustering reactions studied showed this effect but 
ne rate of drop off Wwaried widely, depending upon the 
reactant gas. 

It was thought that this decrease was due to collisions 
taking place outside the reaction chamber in the area around 
the exit slit. It would have to occur quite close to the 
slit, Since no shift in the peak location was noted, and the 
peak did not appear to be skewed to one side. This would 
occur if the collision took place in the acceleration region, 
since the lower mass ions would have varying energies. 
(Metastable peaks were noticed, but their intensities were 
much too small to account for the difference.) 

“te such a phenomenon is occuring, the equilibrium 


constant measured, K', will be: 


Raion ae pane 
. n, ton, p 


where ny refers to the number of ions of lower mass, no the 


number of ions at higher mass, p the pressure in the reaction 
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Variation of Equilibrium Constants with Pressure, at. 
High Pressure, for the Reaction: 


K'(CHgCN) + CHgCN = 


<_— 


K" (CHgCN) . 
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chamber and oa is the fraction of the higher mass species 
which dissociates. 

It can be shown that a is proportional to pressure. 
This is reasonable since the mean free path of the ion will 
be proportional to the pressure. This is done by using 
equation 2.7 and substituting the true equilibrium constant, 


Mpeintormit., thus, replacing no with n, Kp: 


Kis n,Kp at DoS) 
n, (1 + &Kp) 
which rearranges to: 
@ = XK _- XK! 260) 


KE 


Setting a equal to S x p, where S is the "stripping coeffi- 


cient": 


S = o4/p = Kee 20.0 


Kp + KK' p* 


Using the data in Figure 14, and assuming K to be the 
value shown by the low pressure data, i.e. 3.6 (sso= 1 toms), 
the values of ¢ at higher pressures may be determined. These 
are shown in Figure 15 as a function of pressure. There is 
a bit of scatter, but to a first approximation it would 
appear that a will indeed be proportional to pressure. The 
coefficient S, which in this case has the value 0.136 toniees 
is a function of such things as collision cross sections, 


and bond strengths. 
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67. 
If a is proportional to pressure, the lower the pressure 

the smaller the fraction of the higher mass ion lost. This 
coupled with the lower relative intensity of the upper mass 
at lower pressures means that the measured equilibrium 
constant will be close to the true constants. However, 
even these.low pressure readings will be in error at high 
values of K, or more precisely, at high n/n, - For example, 
the 0.29 torr point in Figure 14, if corrected by the 


determined value of S, will be in error by 9%. 


2.9 The Detection System 


The ions, after mass analysis, were detected by a 
Bendix Spiraltron Electron Multiplier. The 17 stage copper- 
beryillium secondary electron multiplier used in the water 
studies was replaced for three reasons: 

1) to allow the system to be pulsed, 

2) to increase intensity due to the higher multiplication 

of the Spiraltron, 

3) the Spiraltron.is not affected by air as was the 

17 stage multiplier and thus when replacing the 
filament, the multiplication capability of the 
electron multiplier is not affected. 

The efficiency of the multiplier can be measured by 
determining the number of electrons striking it when no 
voltage is applied, and comparing that value to the number 
of ions pened when voltage is applied across the multiplier. 
Unfortunately, the ion intensities in the present study were 


too low to measure with no multiplication and such a comparison 
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could not be made. However, Potter and Mauersberger (78) 
did such a study with the Spiraltron electron multiplier 
and found that the efficiency aS ymtotically approaches 
90% above a m/e of 40 (Figure 16). This means that in 

the present study, mass discrimination due to the electron 
multiplier was negligible since the lowest mass studied was 
Kt (m/e =°39). 

The electron multiplier is normally ce Ae at -3000 
volts according to the manufacturer's specifications. 
Further increase in this voltage does not affect the number 
of counts recorded, as shown in Figure 17. However, as the 
Spiraltron becomes older, the voltage has to be increased 
to keep it in a plateau region. When a voltage of -4000 v 
was applied and no plateau was reached, the electron 
multiplier was replaced with a new one. 

The pulse amplifier is an EG&G model AN201/N quad 
amplifier which amplifies the negative output pulses of the 
electron multiplier by 64. The amplified signal is fed 
into an EG&G model T101. discriminator which rejects low 
level noise signals. The threshold of the discriminator is 
varied until the maximum signal to noise ratio is achieved. 
This varies with different electron multipliers but it was 
normally set at -200 to -—300 millivolts. The noise level 
varied but was usually around 1 to 5 counts per second. 

The discriminated pulses are then fed into an Ortec model 
441 Pateieter and model 431 scaler where they can be counted. 


The scaler is of tremendous value, since it allows small 
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signals to be counted for long periods of time. The noise 
level, if significant, is always subtracted from the total 


number of counts. 


2.10 Comparison with Previous Data 


The equilibrium constant for the reaction: 
+ + 
K + (H,0) ak (H,0) Qe 


was measured at various temperatures to see how the new ion 
source performed relative to the one used by Searles (74) 
and Dzidic (39). Figure 18 is a comparison of the Van't 
Hoff plot obtained with the new ion source compared to that 
of Searles. The thermodynamic properties are compared in 
Table 2. Theoretical calculations by Kistenmacher, Popkie, 
and Clementi (79) give the AH, 91 for the potassium water 
reaction as -15.7 kcal/mole. 

When the cooling jacket was placed around the ion source, 
another comparison was made at lower temperatures. Only 
two values were determined and they agreed within experimental 


error with the K 's obtained by Searles (Figure 19). 


3,4 


2.11 Time Dependent Studies 


In order to ascertain whether or not two ions are in 
equilibrium, time dependent studies of a pulsed ion beam can 


be made. 
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for the Reaction: 


KT + H5O = K'(HSO) > 
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TABLE 2 


A Comparison of the Thermodynamic Properties 


£or the Reactioné: 


+ + 
K + H,0 2K (H,0) 


O 
oi Neig —"Go982 _asea 
(kcal/mole) (kcal/mole) (kcal/mole) 

This work 16.9 a a besa @) 19.9 
Searles and 

Kebarle (4)' 7-9 Li.4 SH Met 3 
Kistenmacher, 

Popkie and 

Clementi (79) L527 
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A Pulse Network 

Either of the two electrodes in the ion source can be 
pulsed to achieve a pulsed ion beam. In general, the 
electrode closest to the filament was pulsed so that a more 
uniform field would be set up in the "off" mode. Figure 20 
shows the "on" and "off" voltages on the various electrodes 
in the ion source. The electrode was pulsed from 17 to 140 
mieroseconds with a repetition time of from 1.3 to 3 milli- 
seconds. In most studies, the ion intensities were so small 
that the widest pulse (140 microseconds) had to be used. 
Also, the repetition rate was increased to a maximum value 
such that the next pulse was set off very soon after the 
ion signal of the former pulse had decayed to a low value. 

After mass analysis and detection, the output signal 
was fed into.a multichannel scaler where a time dependent 
profile appeared. If two ions were in equilibrium in the 
nonpulsed mode, the ratio of their intensities at all times 
in the pulsed mode should remain the same, or the logs of 
their intensities should be parallel. Figure 21 shows a 
case in which the two ions are at all times in equilibrium 
for che eeeP ion: 


+ + 
K (CH,CN), + CH,CN = K (CH,CN) , Zee 


> 


Figure 22 shows a case in which ions reach equilibrium only 


after the peak maximum for the reaction: 
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(a) ions enter drift area and reaction chamber 


(b) ions cannot pass first electrode 


Voltages on Various Electrodes in Pulsing Experiments 


during pulse (a after pulse (b) 
Filament 2200 v 2200 v 
First Elec. 2150 2210 
Second Elec. 2100 2100 
Reaction Chamb. 2000 2000 


FIGURE 2O Pulsing Sequence for the Study of the Temporal 


Behavior of Ions. 
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FIGURE 21 Time Dependent Output for the Reaction: 
K'(CH3CN) + CHgCN = K (CHgCN)p 


Demonstrating the Rapid Achievement of Equilibrium at 


Low Pressure. 
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FIGURE 22 Time Dependent Output for the Reaction: 


At = 
K + HeO = K (He0) 
Showing Two Ions Approaching Equilibrium. 
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+ + 
K + H,0 oo AS (H,0) 2.14 


The clustering of a water molecule on potassium is a 


relatively slow reaction (80) and thus equilibrium is not 
achieved rapidly at low pressures. A non-pulsed study of 
Figure 22 would give an equilibrium constant much lower than 
the true one. Thus by using a pulsed system, a wider pressure 
range can be used since it is not required that the ions 


reach equilibrium immediately. 


B Pulsed Versus Non-pulsed Equilibrium Constants 
Figures 23 and 24 show the time dependent output signal 


for the reaction 2.14 at pressures of 1.66 and 3.0 torr. 
Boeh yield equilibrium constants o£ 10.85 torr at 250° Cc. 
The equilibrium constant for the non-pulsed case for reaction 
2.14 was 0.76, which is within experimental error. 

The agreement between pulsed and non-pulsed experiments 
was even better for reaction 2.13 as is shown in Table 3. 
From this table it can also be seen that the equilibrium 
constant is decreasing with pressure in both the pulsed and 
non-pulsed cases. Figure 21 shows the time dependent output 


for reaction 2.13 at 0.56 torr and 246° c. 


C Disadvantages to Pulsing 


The major disadvantage to using a pulsing technique for 
all experiments is the low intensity of signal. Since the 


maximum pulse used was 140 microseconds and the repetition 
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Time Dependent Output for the Reaction: 
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K +°HsO7= “RK (Hs) 
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FIGURE 2+ Time Dependent Output for the Reaction: 
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TABLE 3 


A Comparison of Pulsed _ and Non-Pulsed Equilibrium Constants 


for the Reaction: 


K (CH,CN) ect Chas K" (CH,CN) .° 


3 


At Various Pressures of Acetonitrile 


Press (torr) Ki 2 Pulsea Kio Non-pulsed” 
Pei6 PARES. PR PAS, 
i beet eS) Ze PAPAS, 
0.56 ; Beles S25 
0.56+0.64 Ar. 2455 2.78 


O33 


time was normally 20 times that, the signal was cut down by 
at least a factor of 20. Also, this signal was distributed 
over many channels of the multichannel scaler which also 
lowered the intensity. Since the signal intensity was not 
large in the non-pulsed case, it was often negligible in the 
pulsed setup. 

At the high temperatures needed for the potassium ion- 


acetonitrile K study, the pulse system broke down due to 


0,1 
shorting in the ion source. Because the aya was the only 
case in which equilibrium wasn't immediately reached at low 
pressures (0.2 torr), the pulsing technique was not necessary 
in the acetonitrile study. 


In general, pulsed experiments were only undertaken 


if the achievement of equilibrium was in doubt. 
2.11 The Drift Tube in Equilibrium Studies 


AL Ine roduct1on 

One manner of increasing signal intensity is to remove 
the field free region in the ion source, thus lowering the 
free diffusion of ions; (as pointed out earlier, the loss of 
signal in the field free region is approximately a factor of 
10° at one torr water pressure). The ion source then acts 
Se a drift tube. “Equilibrium “studies have recently been 
carried out in drift tube mass spectrometers with success 


(st, 49). 


In the present system, the lid of the reaction chamber 
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(Figure 4) was removed and the second electrode was extended 
as shown in Figure 25. This arrangement leads to a Pairiy. 
uniform drift field. The first electrode was used as a gate 
which prevented ions from entering the drift space after an 
initial pulse. The second electrode was placed half way 
(1.25 cm) between the first electrode and the ion exit slit. 
The voltage difference between the exit slit and the first 
electrode could be varied, thus leading to different field 
strengths. The second electrode was maintained at a voltage 
of one-half the total drift voltage in order to keep the 
field uniform. 

The basic’. pulse. system.is.shown.in, Figure. 26.. In the 
"off" position, the ion burst is created and reaches the 
first electrode which is kept at the same voltage as the 
filament. The second electrode is at a more positive potential 
and the ions will not likely penetrate the drift space. 
However, the “location” of the jion burst “at this "time.\(i.e. 
during the "off" pulse) isn't known, and in this respect the 
gate is inadequate. | 

in the “on” positiom theenirsteel ectnode 1s raised to 
Salonen pocencial than the eon electrode and) ithe exit 
Sat; sereating 2 uniform: Griit field. “The: 10ns wilt then 
drift towards the exit slit. No other ions will pass the 
gate since it is now at a much higher potential than the 
filament. During drift tube experiments, no stray ions 
were observed - in this respect the gate was adequate. 


After mass analysis the ion signal was detected, 
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FIGURE 25 Cross-sectional View of the Drift Tube. 
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lament, 2000v filament, 2000v 

first electrode, first electrode, 

2000 v (2000 +X) v 
Second electrode second electrode 
(2000 vy +1/2X) (2000v +1/2X) 
exit slit, 2000v ——-—— exit slit, 2000v 
u ul u ul 
off on 
(a) 


filament first second exit filament first second exit 
elec. elec. Slit elec, elec. sli t 
(b) 
X a 
volts . 
-up to IO milliseconds 
~~ (>--2000v COT 
17 psec 
(c) 
"off Hf 


FICURE 2 Pulsing Scheme for Drift Tube Studies. 


(a) voltages on the various electrodes in "off" and 
"on" positions 


(bv) electric field at various electrodes in "off" and 
"on" positions 


(c) Pulse on first electrode in "off" position 
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amplified and fed into a Nuclear Data multichannel scaler, 
where the time dependent signal could be monitored. The 
peak could be integrated by also feeding the signal into 

a Single channel scaler and the total ion intensity could be 
measured. It can be calculated that the time of flight of 
the ions in the low pressure mass analysis section corres- 
ponds to some 10 - 20 microseconds or less. Since the 

time «the ons spend yin ‘the drift tube is*much longer in 
most cases (milliseconds), the time that the ions spent in 
the ion source could be accurately assessed. For ions 
which spend less than 100 microseconds in the drift tube, 
there would be some error ate to this time of flight through 
the mass analysis section. 

The arift velocity, Vas of the ions can be determined 
by dividing the time spent in the drift tube, by the distance 
the ions travel in the ion source, 2.50 cm. When in a drift 
tube, ions are accelerated by the field and thus gain kinetic 
energy. The electric force on an ion of charge e, is eE, 
where E is the electric.field intensity. If it is assumed 
an ion loses all the energy acquired from the field ina 
collision with a neutral molecule, the velocity it obtains 
between collisions will be eET/m, where T is the mean free 
time (82). Since ; is inversely proportional to pressure, 
the velocity of an ion in the drift space is then propor- 
tional to E/p. The resultant enérgy gained by the ion due 
to the fidta is referred to as the “field energy” of the ion. 


When the field energy of the ion is small compared to thermal 
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energy, the drift velocity of the ion in the field direction 
is proportional to the field intensity. The field energy 


is said to be low (82) when 


+ 


M , m| eEA«<kT . 2.15 
mM | 


where M and m are the molecular and ionic masses. and eEA is 
the energy gained by the ion moving a distance \X in the field 
direction. For an ion-neutral collision cross section of 
about 50 Rf, the field energy is negligible compared to 
thermal energy if E/p is less than 2 volts/cm-torr (82). 


At low field then: 
Vd = WE 216 


where the proportionality *constant, u, is referred to .as the 
mobility of the ion. uw varies inversely with the gas density 
and thus :is a function of pressure and temperature, i.e., 
uxT/p. To standardize mobility data, a reduced mobility, 


u is determined by reducing the experimentally obtained 


o? 
mobility to the standard conditions of 0° c and one atmosphere 
pressure. Thus 


Ho = Ux S2IS Zor 


_P_ x 2/3 

760 AW 

where the pressure is in torr and the temperature in degress 
Kelvin. If the drift velocity is measured in cm/second and 
the field strength is volts/cm, the mobility has units of 


em-/volt—sec. 
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B Calibration of the Drift Tube 

The mobilities of alkali ions in various gases are well 
known and in order to check that the drift tube was reliable, 
the mobility of potassium ions in argon was determined. This 
was done by pulsing the beam in the manner described above 
and collecting the output on the multichannel scaler (MCS). 
The average time an ion spent in the ion source was taken 
as the time of peak maximum minus the "off" pulse width 
(in most cases 18 microns). This was necessary since the MCS 
wes triggered at the beginning of the “off” pulse, yet the 
drift tube was not operational until whe Ort) pulseswas 
over, i.e. when the first electrode became more positive 
than the second electrode. Figure 27 shows typical output 
signals for Kt in argon. 

TO determine the reduced mobility, the field strength, 
E, and the) pressure, p, were varied. ‘Since the drift velocity 
is proportional to only E/p at low E/p (82), at a constant 
temperature, the reduced mobility should remain constant. 
A plore ory for Ne in argon versus E/p is shown in Figure 28. 
The reduced mobility did indeed remain constant over the 
range of E/p covered. The average value of u, was 2.90 
em, /voltesecs compared to a value of 2.73 obtained recently 
by Keller (83) and 2.81 obtained by Tyndall (84). The 
slightly higher mobility is likely due to the lack of know- 
ledge of “the “Location” of the ion burst; orrto silagnt 
errors in the measurement of the drift tube length (.1 or .2 


mm would account for the difference). 
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O a 200 400 
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FIGURE 27 Drift Tube Output of the Potassium Ion in Argon at 
Various E/p. 
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FIGURE 28 Reduced Mobility versus E/p for the Potassium Ion 


in Argon. 
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C Equilibrium 
The equilibrium constants for three reactions were 


determined by using the drift tube: 


+ + 
K + H,0 a (H,0) 228 
K* (CH CN) + CH.CN > K* (cH CN) 2.19 

3 3 < 3 2. : 
K* (CH CN). + CH.CN > K* (CH CN) 2220 
3 2 3 < 3 3 : 


If two ions are in equilibrium, it is expected ys 
their arrival times will be the same, even though they have 
different mobilities. This was found to be the case as is 
shown in Figure 29 for reaction 2.20. However, the measured 
equilibrium constant is not necessarily the “true” constant 
for the reaction since energy is also supplied from the field. 
For the extreme case, when the energy supplied by the field 
is much larger than thermal energy, Wannier (85) developed 


a formula for the total. energy of a drifting ion: 


where m and M are the ionic and molecular masses, vA the 
drift velocity and 3kT/2 the thermal energy. The first term 
on the righthand side of the formula is the field energy 

Pe ocdered with the drift motion of the ion, whereas the 


second term is the random part of the field energy. This 
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FIGURE 29 Typical Drift Tube Output Showing Ions in Equilibrium 
for the Reaction: 


K'(CHsCN)> + CHsCN = K'(CHgCN)s 
Field Strength in both cases = 14 v/cem 


_ Temperature in both cases i ae 
a) Pressure = 0.58 torr 
Ko, Sr Orr 5 
b) Pressure = 0.84 torr 
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random or "invisible" part is described (82) as the energy 
the ion stores in the gas through which it is drifting. 
Thus the energy supplied by the field will be represented 
by the first two terms. 

The variation of K with E/p is shown in Figure 30 for 
reaction 2.20. The value of the equilibrium constant 
determined in the field free reaction chamber mode is 6.6 
torr; at this temperature, 130° C. From the equilibrium 
constants measured in Figure 30, an effective temperature, 
Tee may be calculated from the Van't Hoff plot obtained in 
the field free mode. This effective temperature can then 
be equal to the temperature of the gas, Tg! plus the 


theoretical temperature created by the field referred to as 


the “ion temperature", T;. (86),/ ices 


For the various equilibrium constants in Figure 30, the 
values of T; and Te are presented in Table 4. If the Wannier 
formula is valid for these values of E/p, then the first two 
terms may be set equal to a term incorporating the “ion 


temperature": 


2 
(m+ M)vg” — 3kT; Lo) 
£ 2 


From the measured drift velocities for the data in Figure 30, 


the “ion temperature" as calculated from the Wannier formula 
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FIGURE 30 Variation of Equilibrium Constants with E/p for the 


Reaction: 


+ + 

K (CHgCN)> + CH3C(N = K (CHsCN)3 
at CHsCN pressures below O.5 torr. The solid line 
indicates the value obtained in a field free reaction 


chamber. 
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can be determined. These are compared with the values 

obtained from the Vane Hoff plot in Table 4. This demonstrates 
that the Wannier formula cannot be used to determine "ion 
temperature". So even though the energy supplied by the field 
is not negligible, it appears that is is not high enough to 
make the Wannier equation valid. 

Varney (86) has stated that the “ion temperature" will 
be proportional to E/p, (in the Wannier formula it was pro- 
portional to (E/p) 7). If the data from Figure 30 is taken 
and the "ion temperature" is plotted against E/p, the result 
should be a straight line. This is done in Figure 31. It is 
dirricult (to say trom this) figure: whether on not the slope 
will be a constant due to the high scatter of the data. 

Experimentally then, the only way to determine the 
equilibrium,constant at a particular temperature is to lower 
E/p until a constant value of K is obtained (49). This was 
done for reaction 2.18 and the results are plotted in 
Figure 32. Below an E/p of 2 volts/cm-torr the equilibrium 
constants are extremely close to the ones determined in the 
field free mode. 

Lowering E/p requires that either the field strength be 
lowered or the pressure ancreased. If the field strengceh ws 
lowered, the signal intensity decreases, as shown in Table 5. 
If the pressure is raised, collisions outside the ion source 
occur and the measured intensities will be in error. This 


will be discussed in more detail in the next sub-section. 
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FIGURE 32 Equilibrium Constants at Low E/p for the Reaction: 


Ket 0 eeu 0) 


The solid line indicates the equilibrium constant 


obtained with a field free reaction chamber. 
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TABLE 5 


Sensitivity Dependence on Field Strength and on Pressure 


A. Field Strength® ‘ 


Field Strength (V/cm) Relative Intensity” 
42 100 
Bl 59 
21 29 
11 (10 
3 et 


Cc 
Be Pressures 


Pressure H0~ (COrr) Relative Intensity” 
acu" a 
Sent 46 
4.5 62 
ses) 93 
7.3 | 100 
aa 7 91 
“pressure constant — 3.0 torr H,0 


Protal ion intensities normalized to maximum intensity = 100 


“Field strength constant - 19.6 V/cm 
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D Equilibrium and Pressure 


Figure 33 shows the effect pressure has on the equilibrium 
constant. of.reaction..2..b9...... This.is.ithought,..to. be due.to 
collisions outside the ion exit slit in which the larger 


K" (CH,CN) , ion dissociates into the smaller Kt (cH CN), ion: 


3 
One method of getting around this problem would be to work 

at lower pressures. However, the signal intensities decrease 
with a decrease in pressure to a point where they become 
unreliable (Table 5). The field energy would also have to 

be lowered to keep a relatively low E/p, which again would 
result in a smaller signal. 


For the potassium ion-water reaction, the "stripping" 


effect was less pronounced as shown in Figure 34. 


E Mobilities 

Due to the inhomogeneous field and inadequate gate, 
measured mobilities of ions would be only approximate. When 
two ions are in equilibrium, the average drift velocity can 


be expressed as: 


where Vy is tthe drift) webocity of :ion.» (1), V> thevaritt 
velocity of ion (2), and ny and Ny represent the relative 
intensities of each ion. Since the drift velocity is 
Peopareioned to the mobility and since the field strength, 


pressure, and temperature are the same for each ion, 
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FIGURE 33 Equilibrium Constants Obtained in a Drift Tube versus 


Pressure for the Reaction: 


K'(CHgCN) + CHgCN = K'(CHgCN), . 
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FIGURE 34 Equilibrium Constants versus Pressure for the Reaction: 


+ 
Rory “eo KO) 


The solid line indicates the Ko,, measured in a field 


free ion source at CTOo Ce 
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reduced mobilities may be substituted into equation 2.24: 


a ay Pee) 2.24 


u 
Cave (My i: ny) mae oes ie. Ze LD 
and a plot of u versus n, will give a slope, 
Cave (My + no) “8 
ci n 1 
i 


te 7 and intercept, Uo.? An example is shown in Figure 35 

2 
for the ions K" (CH,CN) , and K" (CH,CN),. Their reduced 
mobilities turn out to be /0.30 and 0.34 cm*/volt-sec respec— 


tively. 


F Conclusion 

Drift tubes can be used for the study of equilibrium. 
However, the increase in intensity that was hoped for was 
never realized in the acetonitrile case, since runs had to 
be done at low pressure and low field strength, conditions 
which gave the lowest possible intensities. In the water- 
potassium ion case, however, higher pressures could be used 
and the intensities were fairly high. The equilibrium 
constants remained constant over a large pressure range and 
they agreed fairly well with the results from the field 
free source. 


Another disadvantage to the present drift setup is that 
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FIGURE 355 Determination of Ion Mobilities From an Average Mobility 


Measurement. Is represents the intensity of the ion 
K* (CHgCN)5 and I, represents the intensity of the ion 
K' (CHgCN) 5. The slope yields a mobility of 0.30 for 
K" (CHgCN) 3, whereas the intercept yields a mobility of 
0.34 for the ion K’(CHgCN)>. 
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there is a temperature gradient along the drift tube due to 
the heating from the filament. This could not be measured 
accurately and could lead to somewhat erroneous results. 

If the mobilities of the ions were important to study, 
a much more sophisticated drift arrangement would be necessary, 


complete with guard rings and a much better gate. 
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CHAPTER 3 


RESULTS AND DISCUSSION OF THE SOLVATION 
OF ALKALI METAL IONS BY ACETONITRILE 
Se) LNcCroauccron 
As discussed in Chapter 1, high pressure mass spectro- 
metry provides an efficient method for determining the gas 
phase thermodynamic constants for the solvation of ions. 
When alkali ions collide with a neutral such as acetonitrile 


in a field free region, a complex is formed: 
M’ + CH,CN > mM‘ (cH.cN) cl 
i < 3 1 


Upon further collisions, this complex can continue to grow, 
resulting in larger clusters: 


+ + 
M (CH,CN),_, + CH,CN 2M (CH,CN) | 3.2 


3 
By varying the Serene of the reaction chamber in the 
mass spectrometer and measuring the equilibrium constants 
for the reaction 3.2 at various values of n, thermodynamic 
values for the eos weet clustering reactions are 
obtained. 

In this chapter, the experimental results obtained by 
this method are presented for the alkali metal ions: Na’, 

+ 


1 ay Rb’, and Cs’. The gas phase solvation of alkali metal 


ions in acetonitrile can then be compared with the gas phase 
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solvation of alkali ions in water, halide ions in acetoni- 


trile, in order to provide information regarding the differ- 


ences in the solvation of ions by protic or aprotic solvents. 


3.2 Presentation Of Results 

The equilibrium constants for the solvation of sodium, 
potassium, rubidium and cesium ions by acetonitrile are 
shown as a function of pressure in Figures 36-55. Ata 
given temperature over the pressure range covered, the 
equilibrium constants remain relatively constant indicating 
that the reaction being studied indeed has reached equili- 
brium. 

These equilibrium constants are plotted as a function 
of 1/T in a Van't Hoff type plot in order to determine the 
enthalpy and. entropy of the reactions from the slope and 
intercept respectively. These plots are shown in Figures 
56-59. The equilibrium constants presented in these Figures 


are K for potassium, rubidium and cesium, and 


Oe e ona as 


to for sodium. The K values for sodium could 


Boe Kas Ord 

not be measured directly since the ion source was not 
capable of operating at temperatures above 700°K, and at 
this temperature no unclustered Na* was observed. For 
Similar reasons, lithium was not studied since it was 
expected that the interaction with this ion would be even 
stronger, and that the yar and SNe could probably Sacha 


Getermined. The higher equilibrium constants were also 


yor : 
aifficult to measure since the Li source in general led 
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FIGURE 36 Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction: 


Na’ (CHgCN) + CH3CN = Na (CHgCN). 
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FIGURE 37 Equilibrium Constants versus Pressure of Acetonitrile 
at Various Temperatures for the Reaction: 


Na (CHsCN)> + CH3CN = Na (CHgCN)s5 
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FIGURE 38 Equilibrium Constants versus Pressure of Acetonitrile 
at Various Temperatures for the Reaction: 


Na (CHsCN)3 + CH3CN = Na (CHgCN)4 


2 


——" see ened iieienhitee ieaieai 


Pi . - mm alle anh 
j ‘ 
i. 
: n 
= 
~~ Tey rey's ae ae s= 
iA - , ba Se 2 tL 


‘ 
: ‘ 
2 
ts zZ 
espa ag eh 
p a 
= ; 
tam. Oe wes 
ro as Ea 
ae hy ; 3 ii ; 
‘ a 
| ; = 
a: : ; ae 
l, =~ ; -_ Wi ie 
§ e A id 
s-\scatiainn at! sieges 
bd A : 
he. 
= 4 
, ae ee Nae ; cme eat ea? 
emer MEL OA TH, wee Weert, avira ® ane atest nated tte BE SHEE < et 
a aia e173, G57 sera agra muD: ae iP at a Ay yo Ue 
* Lf . : j ; : ap 
. ae Ar Z ‘ : ‘i . J { 
fe nays ee avayre roe m; d iets +: e aay ae in 
‘at 1s > | oh 
i _ r es a = Das y i - ‘ 
; a> : oy ; “4 ea 
F a ; ef - 
3 ’ i td ms View Py 
= ees Ye ase ne a ae iL et. Woe oer 
4 ray ¢ Py a?) act IF 
: e Fe j 
Vib, ‘ae. 
- ‘ } a es 4 


12. 


| Eppes z —-20°C | 
0] : 
: 13,52 
iQ 
+ 
a 
% é sa ren aisle 
: A° 
0.01 
C= © os La Tas 
02 04 0.6 
P(torr) 
FIGURE 39 


Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction: 


Na (CH3CN)4 + CHgCN = Na (CHgC(N)s . 


G@ Points from potassium-sodium source. 
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FIGURE 40 Equilibrium Constants versus Pressure of Acetonitrile 


_ at Various Temperatures for the Reaction: 
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FIGURE 41 Equilibrium Constants versus Pressure of Acetonitrile 
at Various Temperatures for the Reaction: 


+ + 
K 4 °CR,CN “S2- kK (cH,cN) 
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FIGURE 42 Equilibrium Constants versus Pressure of Acetonitrile 
_ at Various Temperatures for the Reaction: 


K'(CHsC(N) + CHsCN = XK*(CHQCN)> 
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F IGURE ) Equilibrium Constants versus Pressure of Acetonitrile 


, at Various Temperatures for the Reaction: 


+ + 
K (CH3CN)> + CHgCN = K (CHgCN)s 


“ i ay tty Pa wet 
st 28, 1 Bm y, o& then eet 
ia! Beenie vA nl ates ly t iy! > agen : © 7 
eB S vee 


ah 


t 

i . Cc 

: a 

+ cig tl et en TY 


ee + 


~ 


— — a + Pcaetihde tyree eevee pass 


—— 


i os eererege ote dae 
Loa ieee ee a pagal le 19 Bape wow inching oge - - ae Tre : 


y ; NiZ ee a ae 2 fon i 
ie es 


+ ch pincdee tere ae 2 ge ns ree | mveayeevabme ea pena ay 
tse J Fo on ey : a : : 


a as Gel ES sith ED ie ie 1 ae ann Poa rn is 
; 4 2s > iv Seay eee 
7 aan? > aap 3 : a mse: aa Th ple bs 


+ i iz z 
. pan ; ae) 
ia | = 5 


a 7 my war a 4 ; ify. = 
yo ) v ia as ies ed res 


i 


= A 7 ‘ al es }) ah) a 


0.2 Os: 0.4 
P(torr) 


FIGURE 44 Equilibrium Constants versus Pressure of Acetonitrile 
, at Various Temperatures for the Reaction: 


K'(CHgCN)3 + CHaCN = Xk (CHgCN)4 
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FIGURE Ls Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction: 


K (CHeCN)4 + CHgCN = x*(cHgcN). 


GH Points from potassium-sodium source. 
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FIGURE 46 Equilibrium Constants versus Pressure of Acetonitrile 
at Various Temperatures for the Reaction: 


+ 
Rb) + CHgCN = Rb (CH3CN) 
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FIGURE 47 Equilibrium Constants versus Pressure of Acetonitrile 


_ at Various Temperatures for the Reaction: 


Rb (CHg(N) + CHgCN = Rb’ (CHaCN)= 
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FIGURE 48 Equilibrium Constants versus Pressure of Acetonitrile 
at Various Temperatures for the Reaction: 


Rb'(CHgCN)2 + CHgCN = Rb‘ (CHSCN)a 
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FIGURE 49 Equilibrium Constants versus Pressure of Acetonitrile 
, at Various Temperatures for the Reaction: 
“ + 
Rb (CHeCN)3 + CHgCN = Rb (CH6CN)4 
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FIGURE 50 Equilibrium Constants versus Pressure of Acetonitrile 
' at Various Temperatures for the Reaction: 


Rb'(CH3CN)4 + CHsCN = Rb (CHgCN)< 
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FIGURE 51 Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction : 
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FIGURE 52 Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction: 


Cs'(CHgCN) + CHgCN = Cs‘ (CHgCN)> 
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FIGURE 55 Equilibrium Constants versus Pressure Of Acetonitrile 


at Various Temperatures for the Reaction: 


Cs'(CHsCN)> + CHsCN = 


Cs’ (CHgCN)s 
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FIGURE 54 Equilibrium Constants versus Pressure of Acetonitrile 


, at Various Temperatures for the Reaction: 


Cs (CHg(N)3 + CHsCN = Cs‘ (CHQCN)s 
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FIGURE 55 Equilibrium Constants versus Pressure of Acetonitrile 


at Various Temperatures for the Reaction: 


Cs'(CHsCN)g + CHgCN = Cs‘ (CtgcN)s 
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FIGURE 56 Van't Hoff Type Plots of the Equilibrium Constants 
| for the Gas Phase Solvation of the Sodium Ion 


by Acetonitrile. 


HM Points from Potassium-Sodium source. 
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FIGURE 57 Van't Hoff Type Plots of the Equilibrium Constants 


for the Gas Phase Solvation of the Potassium Ton 


by Acetonitrile. 


@ Points from potassium-sodium source. 
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FIGURE 58 Van't Hoff Type Plots of the Equilibrium Constants 
' for the Gas Phase Solvation of the Rubidium Ion 


by Acetonitrile. 
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FIGURE 59 Van't Hoff Type Plots of the Equilibrium Constants 


for the Gas Phase Solvation of the Cesium Ion 


by Acetonitrile. 
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to low intensities. Thus no Bad data are presented. 


fe) 
The AG = values at 298° K were determined by 


-l,n 
extrapolation of the Van't Hoff plots to room temperature. 

The values obtained for the enthalpy, entropy and free 

energy at room temperature for the reactions studied are 
presented in Tables 6 to 9. The values are obtained by a 
least square treatment of the data. The standard deviation, 
determined as well from the least square treatment, is also 
Given for the various reactions. 

The enthalpies for the various n-l,n clustering reactions 
are plotted as a function of n, the number of ligands, in 
Figure 60. Likewise, the free energy change at 298° K 
is plotted versus n in Figure 61. The values of AH? 


0,1 


fo) ; : 
and AG 0.1 for the sodium ion are obtained by extrapolation. 
a : 


3.3 General Discussion 

For gas phase solvation studies, it has been found (3) 
that the values of oe and Se Eee at 298° K decrease 
with the value of n. This is to be expected from the 
increase in dipole-dipole interactions between ligand 
molecules as the number of ligands is increased. From 
Tables 6-9 and from Figures 60 and 61, this can be seen 
to be the case with the solvation of alkali ions in 
acetonitrile. Likewise, it has been found (3) that the 
values Sf "gee and Ane decrease for a given value of n as 


the radius of the alkali ion increases. That is, sodium 


is expected to have a larger -~\H° and -4G° than cesium due 
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TABLE 6 


Experimental Thermodynamic Values 


for the Gas Phase Reactions: 


+ Me 
Na (CH,CN) 4 + CH,CN 2 Na (CH,CN) | (n-1,n) 
‘ : a a 
Reaction Sates TS Bae aie 
(nk fn) (kcal/mole) (kcal/mole) (e.u.) 
Re 24,4) 20.5 E7264 ct -O.4 2D EOS 
253 2026/2 0.5 Pao es 0,5 2705) 2069 
3,4 tt 9 042 (et sii lege 4 Oat 27.9 =7026 
4,5 Beg ee a Ot 0.39 = 40.3 AU aes, 


Astandard state 1 atm and 298°K 


The errors quoted in this and subsequent tables are 
indeterminent errors obtained from least square fitting. 
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TABLE 7 


Experimental Thermodynamic Values 


for the Gas Phase Reactions: 


aR at ¢ 
K (CH3CN) | + CH,CN 2 K (CH,CN), (n-1,n) 
Reaction Ane, Ge St Piso 

la ne, 1 n-l,n 

n=, 1 (kcal/mole) (kcal/mole) (cus) 
0,2 24.4 + 0.4 LS, Ok. -O..5 21,5) ve Oud 
12 20.6 4 0.5 L344. 2+ 0.5 24.2 te O.:5 
2,3 Mie oe 0.8 o. Sa O. 3 Boi 0.6 
3,4 $3.6 + 0.4 5.44 + 0.5 2405) +t de 2 
4,5 1A Sot, Oo te AS ee O sd: 3304 0.3 


“standard state 1 atm and 298° K 
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TABLE 8 


Experimental Thermodynamic Functions 


for the Gas Phase Reactions: 


+ + 

Rb (CH3CN),_, + CH,CN % Rb (CH,CN) | (n-1,n) 
Reaction AH? ae = AS S 

n-l,n n-l,n n-l,n 

n=-1,n (kcal/mole) (kcal/mole) (e.u. ) 
0,0 205%, 2. 083 . “BSxse 72°03 LSeP +035 
be 2 P7s7 + Vsz2 isd +4 O33 2059 *+ Os5 
“72 L5e 7 Os2 3.30 O33 24-5. 40:5 
3,4 ized. £ Vs2 4.80 + 0.3 Z25a% “+-025 
ax5 Lyle Os6 1.42 + 0.8 S2e0) + 251 


Sctandard state 1 atm and 208 kK 
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TABLE 9 


Experimental Thermodynamic Functions 


for the Gas Phase Reactions: 


+ + 
es (CH,CN) 4 + CH,CN 2 Cs (CH,CN) | (n-1,n) 
Reaction Nae AG? 2 EkS- so 
n-l,n n-l,n n-l,n 
N=, n (kcal/mole) (kcal/mole) (e.u.) 
0,1 LO, 25= O51 D Pgih. yc Free: Sd ith TS 2 Ora e2 
iA? MG. Oss Os 2a cee Oe 3 217 Ove ts. 6 
2,3 As See O. Leen ew. 2 24.0 = 0.4 
3,4 2 oleae Ole AAO a4, On 27.0204 
aD OL Ouss Oe 1. 06a 0.5 B25. 052eeli2 


4st andard state 1 atm and 298° K 
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FIGURE 60 Enthalpies for the Clustering Reactions: 
M’(CHgCN), _, + CHsCN = M(CHSCN) 


M = Na, K, Rb, Cs. The dashed line indicates an extra- 
polated value. 
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AG en n_ (kcal/mole) 


on 1,2 2,3 3,4 45 


‘Lisee bara 
FIGURE 61 Standard Free Energies at 298° x for the Clustering Reactions: 


M'(CHgCN) 4 + CHgCN = M'(CH3CN) . 
M= Na,K,Rb,Cs. Standard State = 1 atm. 
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to the greater charge density of the sodium ion. With 


acetonitrile as the solvent, this is the case for clusters 
with up to four acetonitrile ligands, but the value of 
fe) 


-AG 4.5 for sodium is lower than the corresponding values 
e 


forepotassium; rubidium, and even cesium. The aula be value 
for sodium is still slightly greater than the corresponding 
enthalpies for Kv Rb § and Cs" —- the difference being 
attributed to the abnormally unfavourable entropy of the 
Na*_CH,CN, 4-5 reaction. 

To ensure that this phenomenon was not due to some 
instrumental defect, a filament containing both sodium 
and potassium ion was constructed and the equilibrium 
constant's-of the reactions: 


+ + 
Na (CH,CN) , + CH.CN 2 Na (CH,CN) , 213 


3 


+ + 
K (CH,CN) , +5 CH -CNksiK (CH3CN) 5 3.4 


3 


were studied at the same temperatures and pressures. These 
equilibrium constants are in good agreement with those 
obtained when using a filament containing only one ion 
ae 39, 45, 56 and-57).. In all cases,, the potassium 
ion-acetonitrile reaction was more favourable than the 
sodium-acetonitrile reaction; (that is, the equilibrium 
constant for reaction 3.4 was greater than the corresponding 
GonStant: for reaction 3:3). When n is less than 5, the 


sodium equilibrium constant is always greater than the 
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potassium equilibrium constant at a given temperature, as 


shown in Table 10. The temperatures used in this Table are 
taken from enercentre of the experimental range for the 
sodium clustering reaction. Rubidium and cesium are 
included in ae Table as well. 

In previous solvation studies (40, 41, 45), it was 
found that the Van't Hoff plots tend to become closer to 
each other asthe size of the cluster increases. In the case 
of acetonitrile with alkali metal ions this occurs until 
the 4,5 plot. The spacing between’the 4,5 and 3,4 plots 
(as can be seen from Figures 56-59) is greater than that 
between the 3,4 and 2,3 plots, with the greatest abnormality 
in the Nat case. From the values o£ -AH and -AS (Tables 
6-9) this would appear to be due to the high entropy term, 
rather than the enthalpy term which is decreasing rather 
steadily. 

It was found in the alkali ion-water studies (3) pnae 


the oe increased steadily as the number of ligands 


-l,n 
increased, and there were no distinct changes as is the 
case with acetonitrile. This abrupt change in the entropy 
upon the addition of the fifth acetonitrile molecule can he 
attributed to the restriction of motion with the increased 
crowding of the acetonitrile ligands in the first solvation 
shell. In the NH, (#0), NH," (NH,), and halide ion- 
acetonitrile studies done in this laboratory (45, 2, 41) it 


was found that the — sen el 7 of the larger clusters took 
a 


an abrupt decrease. This was attributed to the formation 
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TABLE 10 


Ratio of Equilibrium Constants at Specific Temperatures” 


for the Reactions: 


+ + 
Na (CH,CN),_, + CH,CN 2 Na (CH,CN) (n-1,n) 


Compared to: 


af b ‘ 
M (CH3CN),_, + CH,CN 2 M (CH,CN) (n-1,n) 


3 + 


Reaction Temperature® Ky-1,n Na’) Ky-1,n(Na*) *n-1,n(Na‘) 
(n-ne) (°K) ans Ke1,n(Rb) Bei nl(ce) 
Gan, metre 71 95 275 
ae 680 35 58 NH ED 
263 506 16 33 89 
3,4 363 D 9 Br 
4,5 234 : O23 0.4 0.8 


| + =f 
“Temperature at which Kel n {Na ) sg) torr 


+ 
ae = as Rb- and Cs 


“Ext rapolated values of thermodynamic functions used for 


+ 
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of an outer solvation shell (41). Clearly from the present 
data on alkali ion solvation in acetonitrile, no outer shell 
is readily formed. 

The weighted average number of ligands per ion at 
298° K may be readily determined at a given acetonitrile 
pressure with a knowledge of the various values of ae 
obtained from the Van't Hoff plots. For example, the 


; ‘ a 
concentration of the species Na (CH,CN) | at a pressure, p, 


will be: 
n 
+ Mien) 
[Na (CH,CN) |] =p x lee Kia 3.5 


By setting the total concentrations of all the ionic species 


. to 10 Corn) a’ ploc, of 


to unity at various pressures (107 
the relative, concentrations of the ions versus pressure may 
be obtained, as shown in Figure 62. In this figure, the 
data obtained for the hydration of sodium are also included. 
In the case of the Na” (CH,CN) system, only two ions of 
Sicgnaticamt intensity occur in this large pressure moo 
Na’ (CH,CN) , and Na’ (CH,CN) ,. Between 0.2 and 10 torr, the 
normal working range in high pressure mass spectrometry, 
the Na’ (CH,CN), species accounts for over 90% of the total 
ionization. With water, however, five separate ions exist 
in this range and at about 2 torr water pressure, the four, 
five and six hydrated ions are of similar intensities. 


This same effect was noted to even a larger degree in the 


a 
case of H (H,0) . (40) 
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Figure 62 demonstrates that stability differences 


between successive acetonitrile clusters are much larger 
than between the hydrates. A practical consequence of this 
is that the certainty with which equilibrium constants may 
be determined is much lower than in the case of a system 


fe 
such as Na (H,0) - 


3.4 A Comparison of the Gas Phase Solvation of Alkali 


Metal Ions in Water and Acetonitrile 


In the gas phase, where ion-—dipole and ion-induced 
dipole interactions play such an important part in solvation 
energies, it is expected that acetonitrile with its large 
dipole moment (3.97 D) and high polarizability (4.3 Ao} will 
solvate ions to a different degree than water with its much 
lower dipole moment of 1.85 D and lower polarizability 
(1.48 A?y, The data collected in this study can easily be 
Ponpcred to the thermodynamic functions obtained for the 
alkali metal ion-water solvation studies (3, 4). 

The most direct method of comparing the relative 
solvating strengths of water and acetonitrile is to look at 
their Van't Hoff plots. This is done for sodium in Figure 
63. The acetonitrile plots (solid lines) at low values of 
n-l,n are further to the high temperature (i.e. low 1/T) 
side of the figure than the water plots (dashed lines) of 
comparable n-l,n. This corresponds to more favourable 


solvation of acetonitrile at a given temperature at low n. 
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FIGURE 63 ''Van't Hoff Type Plots for the Gas Phase Solvation of 


the Sodium Ion by Acetonitrile (solid lines) and 


Water (dashed lines). 
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At (n-l,n) = 3,4 the plots are almost identical and then 
for higher values ik n, the trend reverses. The es 
values for Na’ -CH,CN are even lower at a corresponding 
temperature than the SG values for Na™ and water. This 
implies that as the number of ligand increases, the water 
clusters become relatively more stable than the sodium- 
acetonitrile clusters. 
The enthalpy and standard free energy functions of 
sodium and cesium clustering with both acetonitrile and 
water are shown in Figures 64 and 65 respectively. From 
both plots it is obvious that at low values of n, acetonitrile 
solvates the ions much more readily. As the cluster size 
reaches n=5, the enthalpies become almost equal, but there 
is a crossover in the free energy, indicating that free 
energy-wise water forms the more stable cluster. (To 
prevent cluttering the figures, solvation data involving 
the potassium and rubidium ions were not included.) 
The difference in the -AG and -AH plots versus n-1,n 
can be attributed to the entropy values. For acetonitrile 
with sodium for example, Bey ie 41.2 e.u. compared to the 
much lower value of 28.8 e.u. for water. This indicates a 
much more restricted solvation of the ion bY, ERGEEEECH 
acetonitrile molecule compared with the fifth water molecule. 
The total free energy of solvation in the gas phase 
Prom Oto. n (AGg y) is shown in Figure 66 plotted against 


é + 5 i é 
n, the number of ligands... Again, data from Na and Cs with 


both water and acetonitrile are shown. From the diagram, it 
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Cs*-CH3CN 
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FIGURE 64 A Comparison of the Enthalpies of the Gas Phase Solvation 


of Na’ and Cs” in Water and Acetonitrile. 
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FIGURE 65 A Comparison of the Standard Free Energies of the Gas 
; + + 
Phase Solvation of Na and Cs in Water and Acetonitrile. 
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FIGURE 66 A Comparison of the Total Standard Free Energy of the 
Gas Phase Solvation of Na’ and Cs’ in Water and Acetonitrile 


versus the Number of Ligands. Standard State: 1 atm. and 


298° K , 
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does not appear that the total water cluster will become 
more favourable than the acetonitrile cluster, or even 
approdcn it@at high on. This isin direct conflict with 
solution chemists (Section 3.6) who have demonstrated that 
water eotates ore sodium and cesium as well as, or better 
than, acetonitrile does. Therefore, one can conclude that 
the difference between the solvation energies of acetonitrile 
and water in solution are based on more than the close 


electrostatic interactions observed in the gas phase. 


3.5 A Comparison between the Gas Phase Solvation of Alkali 

Metal Ions and Halide Ions in Acetonitrile 

The strong preference for the solvation of cations over 
anions in acetonitrile which occurs in the liquid phase is 
also demonstrated in the gas phase. In Figure 67 the 
hs ae of the alkali and halide ions versus n-l,n are 
compared and in Figure 68 the enthalpies are similarly 
compared. To avoid confusion only Na’, cone and their 
isoelectronic counterparts F andtI are plotted. The other 
alkali and halide ions follow similar trends. The thermo- 
dynamic values for the halide ions are taken from Yamdagni 
and Kebarle (2). 

At low values of n, the free energy of cation solvation 
is much more favourable than the free energy of anion 
solvation. 


As the number of ligands increases this preference 


: : : qe 
diminishes and in the case of the isoelectronic pair Na and 
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FIGURE 67 A Comparison of the Standard Free Energies of Gas 
Phase Solvation of Alkali and Halide Ions in 
Acetonitrile. Standard State: 1 atm. and 298°K, 
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FIGURE 68 A Comparison of the Enthalpies of Gas Phase Solvation 
of Alkali and Halide Ions in Acetonitrile. 
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F the trend reverses, that is the reaction: 


= sates 
F (CH,CN), + CH,CN 2 F (CH,CN) , 326 
becomes more favourable than its sodium counterpart. The 


AHL plot.is ‘much more difficult to interpret. For the 


-l,n 
Na’, F pair, the two curves appear to be approaching 
until n=4, but at n=5 the enthalpy of the F -acetonitrile 
reaction takes a plunge and the two curves diverge. The 
enthalpies of the Cs", 1s pair are slowly converging. 

One explanation of the Wayne Situation can be 
attributed to the geometry of the two complexes and the 
possibility of shell formation. In the fluoride ion case, 
the ion-molecule bond probably occurs through the methyl 
hydrogens (87). This leaves the cyano group available for 
association with another acetonitrile molecule. In pure 
liquids it is well known that acetonitrile self-associates. 


Two models have been proposed for the dimer: one, an 


antiparallel dipole pair (88) 


Samer 
Me--C =N 

ears 

N =C€ — Me 


i ; ou \ 
es Rat aia! < = 


ahi r 


a5 <= 
aes 


Bie cae Di, eo 
Ve lS < . : el at " pas ue 
i? Saag towos: nro age ‘reel sieeve’ ‘ee 
; f rib i Leal Ke iy 


176) Sates gh oF a1ag via he 


: boul se Goa r 
aig tetas aa at 1S idee wa oe 
hdl Pi y = x A rs ud is 
i hi 


yikes regan mia 3, aq lenane: ik Pa os ‘sated o 
ay? ee ib, dain dew AS. Ce ee oo domed 
Quik Dar: pwote aie ne bel Weber ao ‘bus 50 val 
tl hae Heinen ts “Gs i or aR? 
tia + names hs sede wy \seenihel ind) ait 


rath: hind ‘tdew ont 


55. 


dD 


Trecnesancrparaltlel.contiguration’ occurs, then it could be 
responsible in part for shell formation in negative ions. 
For positive ions it would geometrically be impossible, 
since the cyano group is oriented towards the cation. The 
heat of dissociation of the acetonitrile dimer has been 
determined between 3.8 (90) and 5.2 (88) kcal/mole. The 
tendency towards the antiparallel dimerization will lead to 
an opposing dipole interaction with the negative ion, as well 
as steric crowding so the low value of “4H, 5 for reaction 
3.6 (-5.2 kcal/mole) can be expected. 

The entropy also demonstrates the possibility of shell 
formation with negative ions. For the fluoride ion, the 
-A4S changes from 19.6 for the 3,4 reaction to a much lower 
value. of 724° e.u. for: the LS eeee lone This is indicative 
of the greater freedom in the outer shell. The sodium ion, 
ae pointed out earlier, has a substantial increase in 
entropy between the 3,4 and 4,5 reaction - indicative of 
greater restriction and thus the lack of shell formation. 

The difference between the solvation enthalpies of 
halide and alkali ions at low n would be expected from the 
electronic structure of acetonitrile. (For a detailed view 
at the electronic structure see Chapter 4.) The positive 
part of the acetonitrile dipole is diffusely spread out over 
the hydrogen atoms in the methyl group, whereas the nitrogen 
atom contains the major negative part of the dipole, with 
a well-directed lone pair of electrons (87). From a purely 


electrostatic point of view, it then seems reasonable that 
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the ion-molecule bond between the cation and the nitrogen 
of the cyano group would be stronger than the bond between 


the anion and the methyl hydrogens. 


3.6 A Comparison between the Gas Phase Solvation and 
Liquid Phase Solvation of Alkali Cations in Acetonitrile 


A Consistency of Gas Phase Results 


The consistency of the 4 Go, pvalues for the different 
alkali ions with available solution thermodynamic data is 
shown in Figure 69, which gives a plot of 
AG, (cs) = ag, ,(t") versus n. Asn increases, it would 
be expected that the above difference would approach the 
difference between the free energy of solution 
aG_(cs") ~ AG_(M). Case and serepiad Hee obtained from 
Volta potential measurements (37) are used for the liquid 
phase free ee Comparing the differences in free 
energies between ions is advantageous, since it eliminates 
to some extent interactions with the bulk liquid. That is, 
after the primary solvation sphere is complete, the charge 
density of the ion becomes less important in ion-solvent 
interactions. | 

From Figure 69, it can be seen that as n increases the 
difference in the free energy, EOS Eat of an ion and cesium 
approaches the Case and Parson value. For potassium the 
agreement is especially good. However, for rubidium and 


sodium, it is unlikely further extrapolation of the plot 
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AG, , (Cs*)- AG, (M*) 


n 
FIGURE 69 Comparison of Experimental Gas Phase Free Energies of 


Solvation with Total Single Ion Free Energies of Solvation 


in Acetonitrile Obtained by Case and Parsons (CP). 
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will reach the Case and Parson free energy difference. The 
sodium-cesium difference approaches a maximum when n equals 
4 and then decreases. This again is a result of the highly 


unfavourable entropy of the sodium-—acetonitrile 4,5 reaction. 


B Determination of Single Ion Free Energies of Solution in 


Acetonitrile from Gas Phase Data 


ee + oF + + 
For the alkali ions Na, K, Rb and Cs , the gas phase 


free energy of clustering of five acetonitrile molecules has 


been obtained in this study: 


From the previous study on the solvation of the halide ions, 
Cl, Br and-I , and proper extrapolation, a similar SG 5 

a 
may be obtained. Figure 70 shows the extrapolated plots of 


versus n used to, obtain AG for-Cle, bre andwlo 


e 4,5 


oe ten 
and AG, 4 £Or vier. | 

The differences AG, , (C17) - acy, (t") are plotted 
versus n in Figure 71; For all the ion pairs this difference 
reaches a maximum at n equal to 4, and then falls off 
slightly at n equal to 5. If it is assumed that this 
adifference will not change significantly at higher n, these 


values may be used to obtain single ion free energies of 


solution in acetonitrile. “Thats 


- Aare = + 
AGy 5 (X ja es AGy .(™ )= AG (x ) - AG (M 1 
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Gas Phase Solvation of Halide ions in Acetonitrile, in 


Order to Obtain Single Ion Free Energies of Solvation. 
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The total free energy of solvation of alkali halide salts 


have been given in a review by Padova (23. These are listed 


in Table 11. Thus, a series of equations results: 


bia + + — 
A 
G(x ) + AG (M ) 4G (M ee) 3.8 


I 
w 
Ww 
Neo} 


ea + 
AG (x yee AG (M ) 


where B is the difference in free energies obtained in the 
gas phase, tabulated in Table 11. These equations may be 
solved for the perous ion-pairs in order to obtain AG (xX) 
and ac (mM). These are shown in Table 12. 

From the average value for each ion, values of the 
Single ion free energy of solution in acetonitrile are thus 
‘obtained. These are essentially limiting values> since it is 
likely (from Figure 71) that the difference 
ao = de, ) will decrease at higher n. Thus for 
the alkali ions, the calculated -6G_(M") will have a 
maximum limit and -AG_ (x7) a minimum. 


The ionic free energy of transfer, AG from water to 


t! 
acetonitrile can then be obtained using acceptable values of 
AG, (M") or AG (x) in H,0. The water values used are those 
of Randles (35). The free energies of transfer are compared 
with those obtained using other methods in Table 13. Where 
the single ion free energies were obtained in acetonitrile 


rather than by transfer techniques, the Randles values for 


H,0 were used to obtain the free energies of transfer. 
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TABLE 11 


Total Alkali Halide Solvation Free Energies 
in Acetonitrile and Experimental Differences in 


Free Energies Determined in the Gas Phase 


Oo ote a,b <= Tray C 
MX -AG_(M a) AGy (Cl = AGy 5 (M ) 
NaCl 154.5 35.8 
NaBr 153.0 40.1 
NaI 148.0 45.7 
Kel 139.0 22.9 
KBr 3725 27.2 
KI 1255 32.8 
RbCl 134.5 16.1 
RbBr 13320 20.4 
RbI 128.0, 26.0 
CsCl 125.5 12-0 
CsBr 24 AO 15.3 
CsI 119.0 20.9 


Sunits of kcal/mole 
b 
From Reference 23 


“standard state: 1 atmosphere; temperature 298° K 
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The free energies of transfer determined from the gas 
phase results, Gree quite well with those obtained in 
solution. Perhaps the most reliable results are those of 
Case and Parsons (37) since the single ion separation is not 
based directly on the radius of the ion (Born equation) or 
even indirectly on the radius Gy ae extrapolation and 
reference electrolyte), but rather on the assumption that 
the surface potential will be similar for acetonitrile and 
water. 

Unfortunately, the errors in the gas phase studies are 
additive for the stepwise clustering reactions. Therefore, 
the values listed in Table 13 have a standard deviation of 
at least 2.5 kcal/mole. However, the results demonstrate 
that water and acetonitrile solvate cations to almost the 
same degree in solution and that anions are much less solvated 


than cations in acetonitrile. 


C Calculation of the Free Energy of Transfer from Water 


to Acetonitrile 
Returning to the ion solvation cycle presented in the 
introduction and replacing the enthalpy with free energy we 


obtain the total free energy of solvation of an ion, i, as: 


iE) S=sn8 x, AG ioe CNC e +uG + “TAG SLO 
oo) = evap i-s o,n BC SB 
Where n represents the number of ligands in the first 


solvation shell, AG evap is the free energy of evaporation at 
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298° K; (AG, 30 n is the experimentally determined free 

ae co 
energy of ion-solvent molecule interactions obtained in the 
gas phase, 4Gac is the Born charging free energy representing 


the influence of the ion on the bulk solvent, and TAG on 
represents the free energy change due to the breaking of 
the solvent structure upon adding the ion. 


For the free energy of transfer from water to 


acetonitrile: 
AG, (i) = AG, (4) = AG (i) Bl 


and by replacing the total solvation energies from Equation 


3.10 the free energy of transfer may be represented by: 


. . — = Ge 
AG, (i) ngRiG A Ash? nie Spe 


+ AG Can}, — AG (w) 


BC BC 


— ZA 2 
+ ZAG... (an) G..(w) 3512 


SB 
The free energies of evaporation and the free energies 

of gas phase ion-solvent interactions are known from 

experimental data, but the other terms in Equation 3.12 are 


more speculative and based on assumptions. However, this 
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determination is not meant to be quantitative but rather to 


explain that effects other than close electrostatic inter- 
actions are responsible for the liquid phase experimental 
Gata which demonstrates that water is as good, or a better 
solvator of alkali ions as acetonitrile. 

The first assumption. that must be made is with respect 
to the number of solvent molecules in the solvation shell. 
One is tempted to set the coordination number of an alkali 
metal cation equal for all solvents, but from the gas phase 
solvation studies of water and acetonitrile, it is not 
obvious that “this*is ‘thevcase. “There is no indication ‘in 
the alkali ion-water studies that a second shell is or is 
not formed, and thus these ions could be able to allow six 
water molecules in the first solvation shell. In the case 
of acetonitrile, the fifth ligand attaches with difficulty 
(from the free energy) and there was no indication that a 
sixth molecule would be allowed into the solvation shell 
due to the’ high entropy factors: involved. ~ Thus the’ first 
assumption is that the duner of water molecules in the 
first solvation shell is between four and six, the number 
of acetonitrile molecules in the shell is either four or 
five and that ns “no: From this assumption various values 
Of the. “first “two terms in Equation 352 “asa Eunction of n 
and n, are determined for each ion and presented in Table 14. 


The Born charging contribution is given by (15) 
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where Ze is the ionic charge, ry is the ionic radius, re is 
the solvent radius (thus re 12. uspene radius of the ion 
Snal.ats first Pot art on shell), and Ds is the dielectric 
constant of the solvent. For water which is a somewhat 
spherical molecule, the generally accepted radius epee seh 
(16) may be used. The ionic crystal radius may be used for 
ry Since’ it has been postulated that in solution ions have 
their crystal radii (92). However, for acetonitrile which 
aS not in the least spherical but matcher, cylLindrical, a 
more ‘complicated procedure 1s necessary to determine ro: 
Since acetonitrile is not considered a structured liquid 
(93), it is possible to use the molecular volume as an 
estimate of ‘its volume. From the van der Waal's radius of 
acetonitrile (94, 95), one can assume that the length of 
the molecule will be 3.4 times its width. The length (1.) 
will be equal to (2xr_) since the molecule is oriented 


lengthwise about the cation and: 


1/3 
O26 ves v 


T 


where ve is the volume of one molecule determined from the 
density and molecular weight (96). This leads to a value of 
6. 400 LOr 1. Or 3.20), A. 20r rs Although this value is 
determined in an awkward manner, it seems to be reasonable 


since one would expect from the bond lengths (see Chapter 4) 
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that acetonitrile would be “3 times longer than a water 
molecule. The dielectric constants used are 78.0 for water 
and 36.1 for acetonitrile (97). The resulting values of 
the Born-charging differences for acetonitrile and water 
are shown in Table 14. : 

The structure breaking term in Equation 3.9 is the 
most uncertain term in the entire equation. Since acetoni- 
trile is not a structured liquid, one assumes that the 
energy lost due to adding an ion will be negligible (i.e. in 
the bulk liquid) and \G..,(an) =O. However, water is) a 
very structured liquid and there will be some loss of 
structure upon adding a cation (16). Eley and Evans (15) 
determined that in a tetrahedral case, that is four molecules 
in the solvation sHell, that AG on (w) = 8 kcal/mole. If we 
assume that this value is proportional to the number of 


molecules in the first shell, AG B will be equal to 10 for 


S) 


De s= 5 and will be equal to 12 kcal/mole for a 6. 


The resulting AG, 's are shown in Table 15. Again it 


c 
must be emphasized that this procedure involves too many 
unknowns and too many assumptions to be an acceptable 


quantitative determination of AG The coordination numbers 


ic” 
of alkali ions have never been agreed upon experimentally 
(98), the Born charging equation involves ionic and molecular 


radii which are always suspect, and the structure breaking 


terms are essentially just guesses. 


The AG, 's so determined are consistent in that the free 


energy of transfer for sodium is always more positive, i.e. 
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Relevant Quantities to Predict Free Energy of Transfer® 
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TABLE 14 (Continued) 


b G 
+ 
Ion Na Ke Rb Cs 
ne ="5s n = 5 
a W 
A (AG ) 4.04 4.04 4.04 . 4.04 
evap 
A(z4G..) =1020 ea 6 (8) = 102.0 =1020 
oo PA Si BULLS) -13.8 SAS) Sat 
AG, 4.7 =O..5 =0.7 -1./7 
ry = 53: ni = 6 
A (AG ) ey Aa See ble 6.40 6nd 
evap 
A(xAG.,) = 2 a0 =—1250 a = L270 
MCTAG TO) ) Ol Sit. 5 sw HA 25 ba ae 
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AG, Dieth aS) 1.40 = Oo 
“211 free energies in kcal/mole 
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TABLE 15 


The Calculated Free Energies of Transfer as a 


Function of Coordinated Solvent Molecules 
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favouring water, than the other ions. This is also 

consistent with ee pouietee data. Due to the tremendous 
discrepancy in experimental data, no conclusions can be made 
from our model with respect to how justifiable our assumptions 
are. However, when considering the difference between ions, 
the 4—water, 4-acetonitrile model is most consistent with 

the majority of the experimental determinations, including 
those in the present study. 

This procedure has demonstrated that using only gas 
phase results is dangerous in predicting the relative solvation 
strengths of various solvents, in that reactions of the ion 
with the bulk liquid (Born-charging and the breaking of 
solvent structure) are ignored. However, they are of 
fundamental importance since they give intrinsic values for 
the close: electrostatic’ interactions between an ion and 


the solvent molecules in the first solvation shell. 


3.7. Summary 


a) The equilibrium constants at various temperatures of the 
clustering of acetonitrile with alkali ions have been 
determined by high pressure mass spectrometry. From 
these constants, the corresponding thermodynamic 
functions Mera yet and ote have been calculated. 

b) From the unfavourable entropy values of the 4,5 reaction, 
the formation of a second shell of acetonitrile molecules 


about the alkali ion is not indicated. 
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The gas phase interactions between an alkali ion and 
acetonitrile AAS initially greater than between the 

ion and water, but the trend reverses as the number 

of ligands increases. 

The interactions between an alkali ion and acetonitrile 
are much greater than between a halide ion and 
acetonitrile. 

From the total alkali halide free energies of solvation 
and from the differences in alkali and halide, 

og are the single ion free energies of solvation in 
acetonitrile were determined. Using acceptable single 
ion free energies of hydration, the free energies of 
transfer for the alkali and halide ions from water to 
acetonitrile were obtained. 

When effects of an alkali ion with bulk solvent are 
taken into account, the trend in the free energy of 


transfer of an ion from water to acetonitrile can be 


‘qualitatively predicted. The free energies so 


determined are consistent with experimentally deter- 


mined values of the free energies of transfer. 
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CHAPTER 4 


ION-SOLVENT ELECTROSTATIC CALCULATIONS 


4.1 ‘Introduction 

In recent years, the -calculation-of the interaction 
energies of ion hydration and solvation Nas increased 
greatly. These include both classical electrostatic inter- 
actions (for example 3, 99 - 102) and quantum mechanical 
calculations (79, 103 - 108). The reasons for this growth 
in quantum mechanical calculations are probably twofold. 
One the one hand, M. O. methods using various approximations 
have developed to the point where they can give useful 
results for complicated systems’ Such as ion hydration. On 
the other hand, experimental data on the gas phase hydration 
of ions now exists and thus can be compared with theoretical 
‘resalts. 

In electrostatic calculations, the total energy is 
expressed as a sum of ion-dipole (and in some cases ion 
cee ees) energies, ion-induced dipole energies, ion-molecule 
dispersion forces and repulsion potentials. Although all the 
terms may be calculated according to different models, the 
various sets of calculations essentially fall into three 
groups, based on the methods used to obtain the repulsion 
potential. These groups may be classified as: 1) a hard 
sphere model in which the sum of the radius of the solvent 
pede n Tenia the radius of the ion are used to obtain 


electronic repulsion energies (100, 102); 2) a semi- 
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empirical model in which the repulsion energy term is adjusted 
until the total energy agrees with experimental gas phase 
enthalpies (3, 99); and 3) a model in which the repulsion 
term is calculated from rare gas-atom repulsion potentials 

(3, 101). The present Calculations are of the thira type, 
Since it was felt that the most unbiased results would thus 

be obtained. 

In this chapter, an electrostatic model is presented 
which is quite general and could also be used for other 
protic and aprotic solvents. The model is believed especially 
useful for molecules in which one or both poles of the dipole 
are distributed over several atoms and for molecules with 


anisotropic polaraZability. 


4.2 The Electronic and Physical Structure of Acetonitrile 


rn order to understand the gas phase solvation of 
alkali metal ions in acetonitrile, it is first necessary to 
have an idea of the electronic structure of acetonitrile. The 
gas phase dipole moment of acetonitrile is 3.97 D (109), 
The carbon and nitrogen atoms in the cyano group are Sp- 
hybridized, and the bonding consists of one central oc —bond 
and two 1-bonds, giving a linear arrangement. The nitrogen 
lone pair is in a second sp-hybridized orbital and is colinear 
with the C=N axis. The lone pair is mainly responsible 
for the complexing of acetonitrile with electrophilic agents 
(for example, the proton, alkali metal ions, Lewis acids, 


etc.). However, weak complexes involving the C=N t~electrons 
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with cut? and Age are also thought to exist (87). 

By using LCAO - SCF (linear combination of atomic 
orbitals - self consistent field) calculations fitted with 
gaussian type orbitals, Pople has determined the Mulliken 
gross electron population of the various atoms in acetonitrile 
(110). The net electron populations are shown in Table 16. 
However, the CNDO calculations are highly approximate and 
involve a certain amount of subjective parameterization, 
so the gaussian type orbital method appears more reliable 
(110). 

A third set of theoretical electron density calculations 
were performed by Clementi (112) using a Hartree-Fock orbital 
approximation. These oe consaeee with Pople's values in 
Table 16. According to Clementi, the hydrogen atoms act as 
o and ™ donors to the methyl carbon, the methyl carbon acts 
aS ao and 1 acceptor as well as a chargescarrier, the cyano 
Carbon acts aS a carrier as well as a oand 1 donor to the 
nitrogen. atom, which in turn is both a o and mm acceptor. 

The bond lengths and angles in acetonitrile have been 
determined experimentally from microwave spectra (113). The 


resulting parameters are: 
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17.0: 


Net Mulliken Electron Populations in Acetonitrile 


Hee C= CaN 


37 au Z 
of N 
0.062 -0.185 
0.087 -0.159 
0.085 -0.174 
-0.02 -0.10 


Reference 


Pople (110) LCAO-GO 
Pople (111) CNDO/2 
Clementi (112) 
Hartree-Fock 
Liskow et al (114) 


Hartree-Fock 
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The resulting structure of acetonitrile is pictured in 


Figure 72. 


4.3 Interaction Energies 


The total interaction energy, E between a single 


t’ 
solvent molecule and an ion is composed of ion-dipole and 
ion-induced dipole attraction, ion-molecule dispersion, and 


ion-ligand repulsive forces. It can be expressed as: 


where Faip represents the dipole attraction energy between 


a solvent molecule and the central ion; E., the induced 


ind’ 
dipole attraction energy; fade. the dispersion energy; and 
on the repulsive energy. To determine the total energy 
it is best to sum the individual energies treating ion-ligand 
distances as a variable parameter. The minimum value of E 
is then taken as the true value of EL: This value can then 


be compared with the enthalpy of the reaction 4.2. 


A Ion-Permanent Dipole Interactions (Eg,_) 
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Although acetonitrile has. a much larger dipole moment 
than water (3.97 D compared to 1.85 D), the individual point 
charge on the negative centre of the molecule is greater on 


the oxygen of water than on the acetonitrile nitrogen. 
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FIGURE 72 Bond Distances, Angles, and Point Charge Distribution 


for Water and Acetonitrile . 
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If the net Mulliken electron population is used as the 
atomic point charge, the calculated ace moment is much 
too low. For example, if Pople's electron distribution 
values (110) for water are taken (see Table 16), the resulting 
classical dipole moment will be 1.14 D. However, if the net 
Mulliken electron population is multiplied by 1.63, the 

true experimental moment of 1.85 results. This adjustment 
factor, 1.63, was found to also give the correct dipole 
moments for the methyl amines (Chapter 5). For acetonitrile, 
a higher adjustment factor of 1.91 was used to correlate 

the net electron populations with the experimental dipole 
moment. By using Pople's values for electron density (110) 
and adjusting enen to give the correct dipole moment by 
means of the above factors, the point charges on the various 
atoms in both acetonitrile and water necessary for the 
electrostatic calculations may then be determined. These 
are shown together with ponduencies and distances in 

Figure 72. 


The ion-dipole attraction energy can be expressed as: 


es z Re 4.3 
Eaip 334 : Q,/ a 


th atom of the solvent 
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where Q. Lscene point cChargevon, the ws. 
molecule, R, is the distance between the ion and the i 
atom and 334 is a numerical value adjusted to give Faip in 
Tosi eicrecr values of R; in Angstroms and Q in atomic 


units. 
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B Ion-Induced Dipole Interactions 


The total polarizability Of a molecule can be broken 
down into individual bond polarizabilities or even into 
individual atom polarizabilities. For acetonitrile and its 
highly polarizable C= Nbond, it is best to use the bond 
polarizability approach. Each bond has a lateral and 


transverse polarizability tensor (115): 


a 1/3 Co, 4; 2a 4) 4.4 
where oa is the bond polarizability, i the lateral polar- 
izability or polarizability parallel to the bond and O is 
the transverse polarizability perpendicular to the bond. 
For an Sri metal ion the ion-induced dipole attraction 
energy can be expressed as (104): 
Ee = —~167 2 (a Bones eee Wee a Aes 
ind 1 es a iy : 
where ij represents the bond between atoms i and jj, O-is 
the angle of this bond with respect to the ion (see Figure 
73) ../and Rij is the distance between the ion and the 
polarizability centroid of the bond, and 167 is a numerical 
factor adjusted to give End in ‘kcal/mole for values of Rij 
in angstroms and a's in engcerone. 
The polarizability centroid of the bond is not easily 
Sere ertc One method (104) is to take the mean atom 


polarizabilities of the two atoms in the bond (a, and a) 
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FIGURE 73 Representation of Bond Polarizabilities. 
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and then by using the lever principle: 


where ic and je are the atom-centroid distances. This leads 


(EOE 


where ij is the bond length. Thus the location of the 
centroid may be obtained. In the case of acetonitrile, 
however, this is not sufficient. The electrons in the C=N 
bond lie closer to the nitrogen than the carbon (112), and 
therefore the polarizability centroid should as well. 
However, the mean atomic polarizabilities predict that the 
centroid will lie slightly closer to the carbon. The same is 
true in the C--C bond. The electrons will lie closer to 

the sp cyano carbon since it is more electronegative than 

the sp> methyl carbon (116). The mean atomic polarizabilities 
would predict the centroid to be directly in the middie of 
the bond. 

The method used in this work is to take Pople's electron 
populations of the various atoms and to determine the relative 
number of bonding electrons attributed to each atom. For 
example in the C = N bond, the total: number of electrons in 


the nitrogen is 7.185. Of these, two are inner shell, two 


te 


at 


mre 
tai J 


ee 


a 


PR ‘ 
os 


vi ‘af oe Bh aii rer Bh Baa 


i 
b ‘< 


MO Fe attaagtng dln anor joaite Geib te acdiactl 


- wa, sade fe ted ott bile a eo he inet mi pigiane 


ents 20 868. c 22; onyOr: tte eda. 


a 


piety) pore MIG Zily Jf rr 


265. 


are lone pair directed away from the C=N bond and the 
others are involved in bending.wath the carbon. From this 
we can say that the carbon end of the bond is deficient by 


-185 electrons. The centroid can then be set equal to 


| (P| 


where Cc and Nc are the distances of the centroid from the 
carbon and nitrogen atoms. This method can then be used on 
the other bonds. The position of the polarizability 
centroids of the various bonds are shown in Table 17. 

The values for the lateral and transverse bond polar- 
izabilities are listed in Table 18 for acetonitrile. The 
C--C bond polarizability had to be adjusted since literature 
Values ale ior Bpeespe bonds. This was done by vectorialy 
summing the bond polarizabilities for the C--H and C=N 
bonds and subtracting them from the total lateral and trans-— 
versé components (117). The lateral value remains approxi- 
mately the same, however, the transverse increases from the 
ordinary C--C bond. This is not too surprising since the 
C--C bond in acetonitrile is said to have some double bond 
character (116). In the present calculations due to the 
linearity of the molecule, only the lateral tensor is of 
importance. 

The polarizability tensors of water have not been 
severiines experimentally but have been estimated by Harrison 


(118). From his theoretical results, it can be assumed that 
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TABLE 17 


Location of Polarizability Centroids 


centroid 


Distance from Centroid to 


j about. 1 (In Angstrons) 
C . 0552 
C(sp,) 0.58 
H OF 53 
H 0.32 
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TABLE 18 


a 
Bond and Molecular Polarizabilities 


Ne 
A. Bond Polarizabilities 


Bond ont he 
Coen 0.79 0.58 
C--C(sp,-sp,) Poos Oc2 
C--C(sp-sp3) © 1.88 0.76 
CaN cH 1.4 
o--H i 0.72 0.72 

B. Molecular Polarizabilities 
Molecule pei ae 
CH ,CN® 5°56 3.67 
H,0° 1.44 1.44 
Sunits of 10°24 ane 


vReference 115, except where noted 
“Derived from molecular polarizability 
dvesaming near isotropic polarizability tensors, Reference 118 
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the polarizability of each of the O - H bonds is approximately 


isotropic and not angle dependent. That is, it can be 
assumed that the lateral and transverse polarizability 
tensors are equal. The derived values are included in Table 


re. 


C Dispersion Energy 
The interaction energy due to the dispersion forces 
between an ion and a solvent molecule can be approximated by 


the modified London equation (119): 


E = —3/2 1 sx : I's 
dis aes Tae oe 


where oO, and a. are the polarizabilities of the ion and 


solvent molecule, I, and I, are the ionization potentials 


for the ion and the solvent molecule and Ris is the distance 
between the centre of the ion and the geometric centre of 
the abTeent molecule. Values for polarizabilities and 
ionization potentials for alkali ions are shown in Table 19. 

It has been observed by Pitzer (120) that the London 
equation consistently gives results which are too low. 
Instead of using experimental ionization potentials, he 
suggested the use of "effective" ionization potentials, which 
are determined by multiplying the true potentials by a suitable 
coefficient, J. The J value of water and acetonitrile was 


taken as 2.5 (101) and those of the alkali metals were assumed 


similar to the corresponding noble-gas atoms and given the 
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TABLE 19 


Ionization Potentials and Polarizabilities of Alkali Ions® 


Tonization Polarizability 
Ion Potential (ev) (227) 
Na’ is 0.24 
va cag) 0.89 
Rb’ Dias 1.81 
Cs* 23.4 2.79 


SReference 119 
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value 2.25 (Pitzer's value for sp closed shells). 

The London equation is isotropic. Since both acetonitrile 
and water are anisotropic, an angular term should be included. 
For water, this is not too serious (118), since the anisotropic 
part of the polarizability tensor is small. However, it is 
much larger for acetonitrile and should be taken into account. 
As was done in the case of ion-induced dipole energies, bond 
polarizability tensors can be used. Thus the London formula 
becomes: 


oad 2 
(4 + @ 
B.. 2-34.56) 177 * 1645 & r, .“e8iD 3, wire 


W258 Tee oeee 3) me 
where es eames ie and R, have the same definitions as in the 
equation for E, (Equation 4.5). 34.56 is a numerical 
factor to dive Esis in kcal/mole for values of I in eV, 
in a and R an A. 


D Repulsion Energies 


‘Various functional dependences of the repulsive potential 
have been used in electrostatic calculations. Of these, the 
aie Lennard-Jones potential has been applied most often. 

In the present work, the Eoraataysvaiah eh form (Equation 4.10) 


was used. 


E oC fe tsi 4,10 
rep ity 


or and ar; are constants characteristic of the potential of 
the ion, I, and an atom, j, of the solvent molecule. 
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It has been found for rare gas potentials that the 
exponential form is more reliable than the eet form over 
large ion-neutral distances (121). The recent calculations 
of alkali and halide ion hydration made by Spears (99) and 
by Eleizer and Krindel (101) are in good agreement with 
experimental results. Both sets of calculations use an 
exponential form of the repulsive potential. However, 


Spears obtained the K — H,O repulsion potential from 


2 
experimental enthalpies; and then from alkali-halide gas 
phase reactions and rare gas potentials obtained the values 
for the other alkali ion-water potentials. In the present 
case, it was felt that it would be valuable to calculate 
energies without using such experimental calibration since 
Lecks interesting to examine whether electrostatic calculations 
will predict that acetonitrile forms stronger complexes 
with alkali ions than water and that acetonitrile interacts 
more strongly with positive than with negative ions. Thus, 
the procedure of Eleizer and Krindel was used. 

Various assumptions must be made when using the repulsive 
potential. The first assumption is that because of the 
strong radius dependence of the repulsive potential on the 
ion-—atom distance, only the oxygen in water and the nitrogen 
in acetonitrile will have significant value. The second 
assumption was made necessary by lack of direct data on the 
O--ion and N--ion potentials. The repulsion potentials of 
0--0 (122) and N-=N (123) are available as well as the 


noble-gas atom pairs (124, 128). The repulsion potentials 
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of the alkali ion pair was assumed equal to the corresponding 
isoelectronic noble gas. 
The constants ar; and oe were then determined by the 


following combination rules (126): 


1/2 


witeig Coe iG) Ae tL 


ta )f2. °C 
a Oe gay a By 


ay quae 
The final values for a and C are summarized in Table 20. 

The assumpeion that the repulsive: potential of the 
alkali ion pair is approximately equal to the corresponding 
isoelectronic rare gas has been substantiated experimentally 
by Amdur (121, 127). Amdur's experiments involved elastic 
scattering of potassium ion beams by the rare gases (127) 
and other common molecules like N,, 0,, etc. (121). The 
intermolecular potentials aiseatigesd tn this manner were 
indistinguishable within experimental uncertainty for 


Ar-molecule potentials. 


E Total Energies 


The final classical attractive and repulsive energies 
are presented in Table 21 along with the experimental AH. 


The total energies, E agree remarkably well with the 


ie 
enthalpies for all the alkali ions with either acetonitrile 
or water. 

The calculations predict that acetonitrile will react 


more strongly with an alkali ion than will water. This can 


be accounted for by the more favourable ion-dipole and ion- 
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TABLE 20 
Parameters for the Exponential Form of the 


Repulsion Potential for Alkali Ions 


Pair (A-B) ue ce 
O==0- 3.565 leh) 
n--Nn@ 23 0. 366 
H--H© 3.01 0.0697 
Ne--Ne* 4.78 28.0 
Ar--Ar? 3.62 22.5 
Kr--Kr2 3.03 14.2 
Xe--Xe? 2792 17.6 
Naee-0 ASG er 
Ne eth ae 3.76 3.20 
26 3.59 6.49 
REE Syals 2.87 
Keeen , eek 135 
Rb’ --0 "3.30 5.15 
Rb’ --N 2.89 2.28 
Cs*--0 3.24 5.74 
Gs52oN 2.84 2.54 
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“Reference 12S 
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®units of angstroms ~ 
Punits of kcal/mole x 10 
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induced dipole attraction terms in the acetonitrile-alkali 
ion interactions. The calculations also predict that the 
interaction energies will become less favourable as the size 
of the ion increases in agreement with the experimental 


results. 


4.4 Rotation of the Ion-Ligand Bond 


In the electrostatic calculations, it was assumed that 
the ion-ligand bond was directed along the dipole axis. To 


test whether or not this is predicted by electrostatic 


Galculations, it isfpossible, toyrotate, the acetonitrile and 
water molecules about the centre of the donor atom and find 
which configuration gives the most favourable energy of 
interaction. The rotation axes are pictured in Figure 74. 

Because the hydrogens in water and the cyano carbon in 
acetonitrile come closer to the ion upon rotation, a repulsive 
potential must be added to account for electron repulsion. 
The H--H potential is known (Table 20) and thus by using the 
combination rules the values of ay_ion and Cu_ion may be 
determined. Unfortunately the carbon potential is not 
known and it must be assumed that it will be similar to 
that of nitrogen. 

Due to the linearity of the acetonitrile molecule 
(disregarding the methyl hydrogens) rotation about either 
the x or z axis will give the same results. With water, 


however, rotation about the x axis brings one hydrogen atom 


closer to the ion and moves one further away, i.e. the ion- 
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FIGURE 74 Rotation of the Ion--Ligand Bond. 


= y 


cM - Ae Ab ie ons ean ae 


WA gti). TUORA-IQRAROR * 


| Ske BAT TORA HONANOI fy 
ry = iyi} uit So . } hi ) : i : ams ee 


eT A a ee 


EP Lt 


; if 7, ke it 


= : = avy Se 
; er : 
© a RR | 


\ 


om be Ae eg ue a 
a web te sant. Rt _ Sees ie 


ane: aan 


Lol. 


ligand bond no longer lies on the plane of symmetry of the 
water molecule. Rotation about the z axis maintains the 
‘plane of symmetry and the atoms are kept equidistant from 
the ion.: 

The increase in energy upon rotation by an angle 0 is 
presented in Table 22 for the potassium ion and the two 
solvents. The energy of the acetonitrile-ion interactions 
decreases much less rapidly than that of water upon rotation. 
This effectively means that the "bond" is more flexible 
than the water-ion bond. If this were the only feature 
Peesdting the entropy of the reaction, one would then 
expect that the entropy of the acetonitrile-potassium ion 
reaction would be slightly more favourable than the water-— 
potassium ion reaction. But this is not the case; experi- 
mentally the water reaction has the more favourable entropy 
(-19.9 e.u. Gr water, compared to -21.5 e.u. for acetonitrile). 

The directional character of the sp lone pair on the 
nitrogen in acetonitrile is not taken into account in 
these calculations. It has been postulated that it is this 
lone pair interaction with ions that results in complexing 
(87). With the present calculations, there is no method 
of incorporating the lone pair into the calculations. 

For water, rotation“ about "the x axis results in’ a rapid 
increase in energy, whereas rotation about the z axis is 
much more stable. This agrees very well with the results of 
Eleizer and Krindel (101) who used a similar treatment with 


alkali and halide ions with water. 
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TABLE 22 


Effect of Rotation of the Solvent Molecule 


on Electrostatic Potential Energies” 


Increase of Energy from Minimum 


. H,0 CH,CN 
Angle 
of Rotation x-axis z-axis XiOn Z. axis 
0 0 0 0 

10 0.26 0.13 0.08 
20 1.25 Ouse 0.33 
30 2.40 byeail 0.75 
40 4.59 2516 1.35 
50 7.66 BeA2 Py, 
60 12,03 4.99 3.23 
70 18. 26 6.90 4.58 
80 27.06 9.18 6.28 
90 39.00 11.89 8.49 


Sgnergy in kcal/mole 


Pangle in degrees 
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4.5 Electrostatic Calculations for Halide Ion-Acetonitrile 
Reactions 

Using a model similar to the one used for cal- 
culating the classical electrostatic interaction potentials 
between alkali ions and an acetonitrile molecule, it is 
possible to calculate the interaction potentials between a 
halide ion and an acetonitrile molecule. The halide ion 
will most likely be orientated towards the methyl hydrogens, 
equidistant from each H atom. 


The ion-dipole energy will be: 


ct 
ELD = -334 2 Q./R, 4.12 
where Q. is the point charge on an atom i (Figure 72), and 
R is; the ion-atom distance. The numerical factor contains 
a minus sign, indicating the negative charge on the halide 
ion. 

‘The bond polarizability tensors will be identical 
with those used for the positive ion calculations (Table 18). 
For the G=N and C--C bonds only the lateral tensors are 
needed since the halide ion will be on the C--C = N axis. The 
ion-induced dipole interaction energy can again be expressed 
by Equation 4.5. 

The modified London formula (Equation 4.9) can again be 
used to determine the ion-molecule dispersion energy. The 
value of J to "correct" the ionization potentials of the 


halide ions is 2.25, the same as for alkali ions (101). 
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The values of the ionization potentials and the polarizabili- 
ties of the halide ions used in the London formula are listed 
in cable. 23. 

The electronic repulsive term includes the ion-hydrogen 
atom repulsions, as well as the ion-carbon atom repulsions. 


The exponential form of the repulsion equation is again used: 


E = 6. 3 JC 


: + 
rep H=-ion ) © 


exp (-a exp (-a ) 


H-ion* H-ion C-ion C-ion*C-ion 
4.13 

The nitrogen-ion a and C values are used for carbon, since 

no such parameters have been obtained for C--C or C-ion 

electronic repulsions.~ “the sarangicivalues used in’ this 

calculation are shown in Table 24. 

To obtain the total classical electrostatic potential, 
the distance between the halide ion and the methyl carbon 
was varied until a minimum occurred in the calculated 
energy. The total classical potentials are shown for F , 
Cl, Br and I in Table 25, along with the experimental 
enthalpies. 


For the bromide and iodide ions, the calculated E,'s 


agree extremely well with experimental enthalpies. However, 
the agreement is not as good for the chloride ion (1.5 

keal difference) and is even worse for the fluoride ion 

(4.5 kcal difference). The calculations demonstrate that 
halide ion-acetonitrile reactions will be much more unfavour- 


able than alkali ion-acetonitrile reactions (comparing 
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TABLE 23 


Ionization Potentials and Polarizabilities 


a 
of Halide Ions 


Ionization Polarizability 
Ion Potential (eV) Go) 
ee 4.3 0.81 
Cla ; 4.0 2.98 
Bro 3.8 4.24 
ey 3.4 Giz 
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TABLE 24 


Parameters for the Exponential Form of the Repulsion 


Potential for Halide Ions and Acetonitrile 


d a re) 4 
fe (A--B) aaplA ) ONS (kcal/mole x 10°) 

F-__¢? 3.16 B20 

Fo .2H 3.90 1.40 

Cesc wot Lg 228 

Cl =H Sear 1225 

Jencat fe 2.89 PIAS: 

Br. —sH 3.102 0.995 

ip ee: 2.84 2.54 

I 2H 2.96 del 


“From combination rules, Fquation 4.11 


Pcarbon repulsion potential parameters considered the same 


as those for nitrogen 
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Tables 21 and 25). This difference appears mainly to be 
due to the more favourable ion-dipole energies in the alkali 


ion-acetonitrile interaction. 


4.6 Consistency of the Present Calculations with Other 


Electrostatic and Quantum Mechanical Calculations 

As stated in Section 4.1, many authors have calculated 
interaction potentials for the hydration of an alkali ion. 
This provides an opportunity to compare the present results 
with those obtained using different methods. 


In Table 26, the various terms in Equation 4.1 obtained 


in the present work are compared with those of Spears (101) 
for the reaction: 


Na’ + H,0 3 Na’ (H,0) 4.14 


2 
Although each and every term of the equation mas determined 
in a different manner, the final results are quite similar. 
In Table 27 the total calculated interaction energies 
for reaction 4.14 are compared with those calculated by 
other authors. All are quite consistent with the experimental 
value and with the value calculated from the present model. 
Also, the total electrostatic energy obtained in this 
study is compared with that of Green and Martin (102) in 
Table 27 for the chloride ion-acetonitrile reaction: 


Cl” + CH,CN > Cl’ (CH,CN) 4.15 
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TABLE 26 


a 
Comparison of Electrostatic Potential Energies 
Obtained in this Study with Those of Spears 


for the Reaction: 


Na* + H.0 Bo Na” (H.,0) 


+ 
O-Na . dip ind dis rep tot 


This work 


Zell 24.7 6.4 1.4 8.5 24.0 


Spears (99) 
2525 2428 8.4 Ake rh alens 24.6 


®a11 energies in kcal/mole 
Dion. * 
Units of''angstroms 


“Includes ion-dipole and ion quadrupole interactions. 
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Comparison of Various Calculated Potential Energies 


A. Naren O 


bie’) 2 
Calculated 
-E, 
Reference (kcal/mole) 
K, Spears (99) 

Electrostatic 24.6 
Eleizer and Krindel (101) 

Electrostatic 25.9-28.0 
This work 24.0 
Kistenmacher, Popkie, 

and Clementi (79) 

Hartree-Fock app. oa 
Diercksen and Kraemer (104) 

SCF-—MO-LCGO Z5Dig'2 
Burton and Daly (105) 

CNDO/2 20.6 


B. Cl --CH,CN 


Green and Martin (102) 
Electrostatic 34 


This work | 14.9 


Experimental 
~ AH 
o,1 


(kcal/mole) _ 


13.4 
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In their model they used a "hard sphere" approach in which 
the ion-acetonitrile radius was set equal to the sum of the 
atomic van der Waals' radii. This allowed them to ignore 
the dispersion and repulsion terms in Equation 4.1. 

The present calculations thus seem quite consistent 
with those of other authors, but they provide a more 
universal method of calculating electrostatic potentials 


between an ion and a solvent molecule. 


4.7 General Remarks on Electrostatic Calculations 

The use of electrostatic calculations for the deter- 
mination of reaction energies between an ion and solvent 
molecule is at best an approximate method. The dispersion 
and repulsion energies are very suspect since they involve 
many assumptions. With acetonitrile, the point charge 
distribution varies with the quantum mechanical method in 
which it is determined. 

‘The present calculations correctly predict that an 
acetonitrile molecule will react with alkali ions more 
readily than a water molecule. They also predict that the 
order of ion-solvent interactions decrease with the size of 
the ion: Na’ > Kt > Rb’ >Cs*. The ion-ligand bond is 
also shown to lie in the direction of the dipole. The 
electrostatic calculations also predict that anions initially 


will be less solvated by acetonitrile than would cations. 
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CHAPTER 5 
LEWIS BASICITIES WITH THE POTASSIUM ION 


AS A REFERENCE ACID 


Sa. introduction 
A relative scale of basicities can be set up using the 
potassium ion as a reference Lewis acid and determining the 


thermodynamic functions of the reaction: 
K +:3B-=— K's Dial 


where B represents any base. In the gas phase, intrinsic 
thermodynamic values of Reaction 5.1 may be obtained in the 
absence of solvation effects and further clustering of the 
base about the potassium ion. 

| Any alkali ion could be used as the reference acid; 
however, potassium proved to be the most useful. As was 
pointed out in a comparison of water and acetonitrile, the 
differences in base strength of various molecular bases 
decrease as the size of the ion increases. This means that 
lithium would provide the greatest difference in thermodynamic 
finccione between various bases. However, the interactions 
between lithium or sodium and many of the "strong" bases 
studied are so strong that they require very high temperatures 
for the equilibrium determinations, which are beyond the 
capabilities of the present apparatus. The potassium ion 


seems to be ideal in this respect, since the Ko 1's could be 
¢ 
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measured accurately and there were significant differences 
in the interaction between bases and the ion, from which a 


basicity scale could be obtained. 


5.2 Some Special Problems Encountered in Lewis' Basicities 


Determinations: 

Slow Clustering Reactions and Thermal Decomposition of 

the Base 

the -Sstudysor Reaction 5:1) provedyto be difficult for 
many of the bases. The difficulties arose from cluster 
dissociation in the vacuum chamber and thermal decomposition 
of the gaseous base in the ion source due to the high 
temperatures of the potassium emitting filament (around 
600° C). For some bases, i.e. trimethylamine, high pressures 
of gas were required to bring the Reaction 5.1 to equilibrium; 
i.e., for some reason the clustering rate constants are low. 
Unfortunately, cluster dissociation (see Chapter 2) increases 
with pressure and is particularly serious for bulky molecules 
like trimethylamine. Therefore, an alternative method of 
determining the equilibrium constant for Reaction 5.1 was 
applied. The switching Reaction 5.2 is fast. Selecting a 


+ A : 
reference base By which forms K B, rapidly, one finds that 


te Nae. tuctt 
the ions KB, and K Bo reach equilibrium at much lower 


pressure than that required for the clustering equilibrium 
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involving only Bo. The switching equilibrium constant, Ko. 


can be readily determined: 


$2 SP 
ee meme oe xe BL ceo 5.3 
+ P K 
a BE ent 


s 


As was pointed out in Chapter l, Ko will be equal to the 


product of the switching equilibrium and K By using a 


als 
1! such as H,0, the 
equilibrium constant K, can be obtained. 


Problems caused by thermal decomposition of the bases 


well studied and easy to handle base, B 


were also encountered. Thus, in the study of the complexing 
of vee with primary aliphatic amines, the major ions found 
were not the Kt_amines, but ions of two or four mass units 
lower. As shown below, these ions were due to the thermal 
decomposition of the amine in the ion source by the high 
temperature filament and the clustering of the product with 
the potassium ion. Without knowing the degree of decompo- 
Sition of the amine, it would be impossible to correctly 
determine the equilibrium constant for the K*_amine reaction. 

The following mechanism for the pyrolysis of a primary 
amine has been proposed (132, 133): 

1) the primary breakdown of the amine with the 


formation of an aldimide 


R-CH.NH. —~ RCH=NH + H. 5.4 


where R represents H, CH3, CH3CH., ete. 
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2) the formation of a nitrile from the aldimide 


RCH=NH ~ RC=N + Ho SARS) 
This mechanism is consistent with the products observed in 
the clustering reaction. For example, with methylamine, 


the products of go Rae CH,=NH and HC=N. When 


2 
these products cluster with potassium, they yield ions 
which are lower by two and four mass units than the 

K" (CH,NH,) ion. Similarly, ethylamine yields CH ,CH=NH 


and CH,CN, and n-propylamine yields CH CH CH=NH and 


CH,CH.CN. 
The reaction mechanisms for the thermal decomposition 
of dimethyl and trimethylamine are slightly different (130). 


The pyrolysis of the tertiary amine may be represented as: 


N(CH,), — CH,- + N(CH,).. 5.6 


+ N(CH.) 5.CH>- 5 ay 


CH,.- + N(CH,), =. CH, 


N(CH,)5.CH>. ~ CH,. + CH,N=CH, Sac 
The main products being methane and methylmethyleneimine 
(CH,N=CH,). The pyrolysis of the secondary amine is a more 
complicated free radical process (130) and no mechanism has 
been proposed which fits the experimental products, which 


are methane, methylmethyleneimine and methylamine. 
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PAV 2se 
To determine the degree of dissociation of the amines 


two methods were used. Since acetonitrile is the major 
product in the decomposition of ethylamine, and since the 
opal for acetonitrile-potassium clustering had been deter- 
mined, the amount of acetonitrile present could be determined 


from: 


+ . 
‘ me (CH,CN) 


CH.,CN a a a 
Because it appeared that acetonitrile was present in 
relatively small amounts, a time dependent study of the 
reaction was done at 297° c. A plot o£ the percentage total 


+ : 
tonization of a and K (CH.CN) is shown in Figure 75. The 


3 
equilibrium constant for the 0,1 reaction of the potassium 
ion with acetonitrile at 297° determined from the Van't Hoff 
plot in Figure 57is 5825. ‘From Figure 75, the ratio of the 
ion intensities at equilibriun, (K" (CH,CN) /K"), is 0.81, 
leading to an acetonitrile pressure of 0.0138 torr. The 
total pressure was 0.23 torr, meaning that approximately 6% 
of the ethylamine had decomposed. 

A second method, used to determine the degree of 
decomposition of propylamine, was analytical mass spectrometry. 


A liquid N., cooled trap was attached to the ion source to 


Z 
collect the condensable gases after passing through the ion 
source at 300° C. The mass spectrum of this sample was 


obtained and compared to the mass spectra of pure n-propyl- 


amine and propionitrile. A 3 ut sample of propylamine 
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yielded a m/e = 59 peak of 125.3 mm and a m/e = 54 peak of 
6.9 mm. A similar 3 #4 sample of propionitrile yielded no 
m/e = 59 peak and a m/e = 54 peak of 454 mm. Threeut of the 
collected sample yielded a 120.5 mm m/e = 59 peak and a 


29.6 mm m/e = 54 peak. Of this mass 54 peak: 


can be attributed to the n-propylamine, leaving (29.6-6.7)=22.9 


mm due to the propionitrile. Thus: 


Volume n-proplyamine = 120.5/125.3 = 0.962 
Volume propionitrile 22.9/454 0.0504 


which leads to 95% of propylamine and 5% propionitrile by 
volume in the:sample collected from the ion source. No 
peagh were observed in the spectrum of the mixture which 
could not be accounted for by n-propylamine or propionitrile. 
saetp ee method, it appeared that only 5% of the amine 
decomposed at 300° C. 

Thus, the equilibrium constants for the aliphatic amines 
appear to be in error by 5 - 6% Since pyrolysis only 
becomes serious at temperatures above 450° c CL 2953, 
the ion source temperature will not lead to decomposition 
of the amines and thus the enthalpies of the reactions will 
not be affected. 

A 5 —- 6% error in the equilibrium constants will only 


lead to an error of approximately -0.1 e.u. in the entropy, 
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which compared to the error in least square fitting (usually 
around 1 e.u.) is not serious. Therefore, the effects of 
the pyrolysis were neglected in the evaluation of the 


equilibrium constants. 


5.3 Presentation of Results -— Amines 

The equilibrium constants of Reaction 5.1 were deter- 
mined at various temperatures for B = ammonia, dimethylamine, 
n-propylamine, aniline, pyridine, and ethylenediamine; 
(the data on ethylenediamine is presented in Chapter 6). 
In Figures 76 to 80, the resulting equilibrium constants, 
aie are plotted as a function’ of the pressure of the base. 
The resulting, plots remain constant over the pressure ranges 
studied, inateseine that equilibrium has been achieved. In 


Figure 81 the, switching equilibrium constant for the 


reaction: 


+ + 
2 + e 
K (H,0) + CH,NH, #K (CH,NH,) + H,0 5.10 
is plotted as a function of the ratio of the two bases (i.e. 


Pu0/PcHNH,° Only representative temperatures are shown in 
the plot since all the K's lie in somewhat the same range. 


Although there is considerable scatter, the switching 
equilibrium does not seem to vary as a function of the 
pressure ratio of the bases. In Figure 82 the switching 


equilibrium constant for the reaction: 
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FIGURE (6 Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 
+ 


KY +NHg =~ K'(NHg) 
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FIGURE 77 .Equilibrium Constants versus Pressure at Various 


Temperatures for the Reaction: 


KY + (CHa)oNH = K L(CHa)sNH{ 
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FIGURE 78 Equilibrium Constants versus Pressure at Various 


Temperatures for the Reaction: 


+ 
K’ + CHgCHsCHsNHs = K (CHgCH>CHeNHS) 


‘ : 1 


bebo ince 2 ite bahay LR fy cn tg oma 
744 ’ 


pe eo 4 ; NE 
ix. ws oO errimyee = ee en ial 
, 
ie 
' - ; 
Fi “ 
; 
* 
7 
hes i 
: re 
eel : 
yy 1 acannon tr Amro sacnecocsap hen pinot 
\e ot eee ; a sal 2 
,/ - sive , = 1 ait 
ae " * ‘, deed oario kp ninthdindgge  mmagietin ns -& rene = ari itewated 
a am . * 


- 
Ss. 


4 a ee ' 
aod~ -@aprs hl alana tae tas — ol) ees 
. += 
ae =f 


O,| 


FIGURE 79 
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0.2 | 0.6 Ke) 


P (torr) 


Equilibrium Constants versus Pressure at Various Temperatures 
for the Reaction: 


Kieee pyridine = XK (pyridine) 
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FIGURE 80 Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 


+ 
K + aniline = K'(aniline) 
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FIGURE 81 Switching Equilibrium Constants versus Pressure Ratio 
at Representative Temperatures for the Reaction: 
K'(H20) + CHgNH2 = <K'(CHgNHe) + Hp0 
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FICURE 82 Switching Equilibrium Constants versus Pressure Ratio 
at Representative Temperatures for the Reaction: 
“ + 
K'(Ho0) + (CHs)sN = K((CHe)sN) + He0 
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+ + 
K (H,0) + (CH,) .N ie [(CH,) ,N ]+ H,0 Bie uk 
is similarly plotted at representative temperature values 
over the range of temperatures studied. 
The switching equilibrium constants can then be plotted 
as a function of 1/T to determine the thermodynamic values 
fe) 


and As® from a Van't Hoff type plot (Figure 83). 


By using the thermodynamic functions for the reaction: 


Keren Or=,K (n.0) Sis ys 
2 2 
the thermodynamic values for Reaction 5.1 for monomethyl- and 


trimethylamine are thus determined by simple addition: 


where Af represents any thermodynamic function: AG, AH, or 
AS. The values for the water-potassium ion reaction are 
AH° = -16.9 kcal/mole, 4S° =.19.9 e.u. and 4G° = -11.0 
keal/mole. 

The Van't Hoff type plots for Reaction 5.1 for ammonia, 
monomethylamine, n-propylamine, aniline and pyridine are 
shown in Figure 84 and similar plots for ammonia and the 
methylamines are shown in Figure 85. The thermodynamic 
functions derived from the plots are tabulated in Table 28. 


To demonstrate that the Van't Hoff plots obtained by 
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FIGURE 83 Van't Hoff Type Plots of Switching Equilibrium 
for the Reactions: 
+ + 
K (HO) + B = KB'+ #0 
B = CHgNH> and (CHg)N . 
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FIGURE 85 Van't Hoff Type Plots for the Methyl Amines Reacting 


with the Potassium Ion. 
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OMethylamine from normal clustering reactions. 
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TABLE 28 


Thermodynamic Functions for the Reactions: 


K + Amine + K* (Amine) 


a a a 
Amine -AH® -ss° AG" 555 16° 56 
Ammonia 17.8 20.0 Veet} Datho 
Methylamine 15a BARS: reek, 6.16 
Dimethylamine HBSS |) 21.4 Ie Bs 62,0) 
Trimethylamine 20.0 23.4 Lee yl @ 5.96 
n-Propylamine 2129 2050) 14.2 6.47 
Aniline 22.28 Zo 5.8 8.60 
Pyridine 2067 1856 Pez 9256 
Ethylendiamine 25.7 Meas 19.04 ree 
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circles) determined for the reaction: 


K 4 CH,NH, = K" (CH,NH,) | 5.14 
are included in Figure 85. Although these points are 
suspect since they were determined under the adverse con- 
ditions described in Section 5.2, they fall close enough to 
the Van't Hoff plot obtained by the switching reaction to 
rule out any serious errors which might occur by using the 


ligand interchange or switching method. 


5.4 Basicity Scales 


When comparing the results of gas phase amine basicity 
with the potassium ion as a reference acid to the basicity 
when the proton or trimethylboron are the Lewis acids, it is 
best to use both the enthalpy data and the standard free 
energy at 298° K. The free energy comparison takes into 
account the entropy, which in the case of the proton is 
similar for all the amines, but with K’ or B(CH) 3 there 
are considerable entropy differences between the amines. 

In Table 29 the experimentally determined 4H's and 


AG's for the reactions: 


where A represents the reference acid, are presented. The 


data for the proton reactions are from Yamdagni and Kebarle 
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(57) or Aue, Webb, and Bowers (65), and the trimethyl boron 
data are from Brown (67-271). 

In the following sections reference will often be made 
to this Table ie order to explain differences in the basicity 


orders with the various reference Lewis acids. 


5.5 Discussion of Gas Phase Amine Basicity Order with 


Potassium Ion as a Reference Acid 

From Table 28, it can be seen that the relative order 
of free energies of the various amines differsat 298° K 
and in the middle of the experimental range, 600°K. 
Similarly, the enthalpy order differs from the free energy 
order. The question then eee which is the best thermo- 
dynamic value to use as an order of basicity. With the 
proton as a reference acid, this problem does not arise, 
since the entropy of proton transfer is very low or negligible. 
However, with potassium this is not the case, and there are 
distinct differences in the entropy of the various reactions. 

Without a doubt the most accurate thermodynamic value 
is the free energy of the reaction in the experimental 
range, since no extrapolation is necessary. Thus at 600° K, 
the order of basicity of the amines studied is: 


NH. <(CH,) ,N<CH,NH.<CH CH jCH,NH, <(CH3) .NH 


<C¢H_NH<C H,N<NH.CH CH,NH. 
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It would be advantageous to break this discussion down to 
the various groups: methyl amines, primary aliphatic amines, 


aromatic amines, and bidentate amines. 


A Methyl Amines. 


The free energy of reaction 5.1 at 600° K increases in 
an anomolous order with methyl substitution: 
NH <(CH,) ,N<CH..NH, <(CH,) .NH 
This is in agreement with the order determined by Brown (67) 
using the bulky B(CH,) 3 as a reference Lewis acid. The 
enthalpies of the reaction, however, increase steadily with 
methyl substitution: 


NH.<CH 


3 NH, <(CH,) .NH<(CH,) ,N 


which is in agreement with the gas phase proton affinities 
of methyl amines. The major difference in the two orders 


must be attributed to the unfavourable entropy of the reaction: 
+ + 
K + (CH,) ,N ak [ (CH) ,N] 


Pople has done theoretical calculations of the Mulliken 
electron populations of the various atoms in ammonia and the 
methyl amines (110). These are shown in Figure 86. Unlike 


other bases, the gas phase Bronsted basicity increases with 


os mwoo, (obsaiee ; ih acts 2 


ie askin dail wena cant 


) qwott et Saige dh, RYO, it sits. 2reeaonee ak atls 


2 (nti tha “hahaha abiedd ny. ons dann s\oomasrips al Ee Hak 


138 te mas A | secre. Vi 


2 LLM anes a4 ae pia TD) Ja satieuel ‘Bet ‘inet 
re 5 6 = 6 jie ise Phiten shes: av say ta: Sees 6H soronte, 


eol is ids oe ayn ab ino one ‘ehedt “tbE8) aah: reins 
¥y cin Pa we , , f 
E 


peel wes” a 


<2 


1 sincera _ PO die Lak okie Ye yertons. oott s 
Seah Wer trie ie ‘ela di bbe wiol 


=) Pat 


‘ — 8 


rT 

,. 

biow dite oonwaater a va rs wOnA ead, ee i 

vest an EHO oe erewen eae E TIEN? ete ase, 
; ; oe eet ~ 

; ; Des ae 


ee MT en ery Spach aaae ve va 


* wie 7 - ( | ys: 


aq € 4 ; re 


oe i ae at | 


my ' 


* as 


hse ee 
Beret aoa cd ant us sensi De i! ot a st montis ealemte 


reuters Seat sits009 , Boden ex0%6 | a 


F ae whe ey 


pty) - if 4 s ih, (a ce 


eam ai 


‘ 
t 
¢ 
os 
ae 
a 
m= 
>= 
o 
— 
ae 
4 Py 


‘base nous cod. Pc oe wood ante 


i iryals | 


A 
ea 
~S 
oti 
pi 
 - 
' 
rT 
‘ 
~ 
2 
4 
= 
i 


Wd gr eee 
é = 7 7 pi 1 


+0162 | -0.456 


FICURE 86 ''Net Electron Populations on the Various Atoms in the 
Methyl Amines from Pople (reference 110). 
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a decrease in the electron population of the donor atom 
(i.e. nitrogen). With oxygen as the donor, methyl substitu- 
tion increases the electron population of the oxygen atom 
(110), as well as the basicity. 

Using a simple electrostatic model as was done in 
Chapter 4 and "normalizing" the electron populations to fata 
dipole moments, it is possible to predict a classical order 
of interaction energy which should correspond to the enthalpy 
order. 

Due to the lack of knowledge of C--N bond polariz-— 
abilities, a simplified atom polarizability approach is 
necessary to determine the ion-induced eee energies. The 
mean atom polarizabilities can be determined from the total 


molecular polarizabilities of the methyl amines, i.e.: 


where %, represents the mean atom polarizabilities. The 
molecular and resulting atom polarizabilities are listed in 
Table 30. 

For the dispersion energy equation, i.e., the London 
formula, the radius Ry was taken as the distance between 
the geometric centre of the amine and the centre of the ion. 

The total repulsion energy must include hydrogen atom- 
ion terms as well as carbon atom-ion terms. As was done in 


Chapter 4, the carbon potential was assumed similar to the 


nitrogen atom potential. 
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TABLE 30 
Atomic and Molecular Polarizabilities and Ionization 


Potentials of the Methyl Amines 


Ionization . 3 2 
Amine Potentials (ev) Polarizability (A° ) 
NH, LOLS 2.34 
CH,NH. 9.41 4.18 
(CH, ) .NH 8.93 5. 92 
(CH) ,N 7.82 Teoe2 
age 
Mean Atomic Polarizabilities~ (A~ ) 
N 0.96 
He. 0.44 
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The total energy, E.? is then: 
E. = Eaip a End + Egis + ores syne 
where 
ss Dy 
Eaip =5334° 5 Q./R; 5.18 
= @./R ‘ 
Es nd = —167 oat iaa S219 
(ef (04 
Bi were tesuseutalit me eAuree 5.20 
dis Tat wee 6 
A K R 
| 0 
= t ~ rs 
ren » CZ _ 4 exp ( or _;R,) SEA 


where Q. is the charge on the atom, R is the atom-ion dis- 


tance, %, is the molecular polarizability of the amine, 


A 


at is the potassium ion polarizability, a is the mean 


polarizability of the atom, Tn and It are the ionization 
potentials of the amine and the potassium ion respectively, 

Ce Le and at are the atom-potassium ion repulsion potential 
parameters described in Chapter 4. As was done in the 
previous chapter for the electrostatic calculations, the 
ionization potentials of the amines and the potassium ion 
were "corrected" by multiplying In by) 2258 and I+ by 2)..25 
(101). The new values of the ionization potentials were then 


substituted into the dispersion equation. 


The coordinates of the various atoms in the amines were 
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determined from the bond lengths and angles (133-5). These 
are listed in Table 31 for trimethylamine and ammonia. 
Monomethylamine and dimethylamine coordinates were deter- 
mined by replacement of the hydrogens of ammonia by methyl 
groups. From these coordinates the ion-atom distances, R,, 
could easily be obtained. | 

From the resulting interaction potential energies 
(Table 32), it can be seen that the ion-dipole term is 
substantially larger for ammonia than for the other amines. 
However, the ion-induced dipole and dispersion terms increase 
with methyl substitution, which results in trimethylamine 
being the most stable of the methyl amines in its interaction 
with the reference acid, Kes 

The electrostatic calculations correctly predict the 
order Of the interaction of the: amine, with the reference 
acid, but ne relative differences between amines are quite 
different from the experimental enthalpies of the reaction. 

These calculations demonstrate that in addition to the 
electron density on the donor atom, polarizability and 
dispersion forces are important in determining the basicity 


order of amines. 


B Primary Aliphatic Amines 


Only two primary aliphatic amines were studied: 
monomethylamine and n-propylamine. Ethylamine was attempted 


but due to thermal decomposition and the high efficiency of 


the reaction: 
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Coordinates* for the Atoms in Trimethylamine and Ammonia 


LD 


Trimethylamine> 
cL val lp a la ck LE IRN a a eo RD 
Atom x VY Zz 
N 0) 0 6) 
Cy 0 1.36 0.52 
H, (trans) 0 Bek5 1a5e 
Hyy 0.88 Uh 0.42 
Hi> -0.88 u.97 0.42 
Co iis -0.68 On 52 
Ho (trans) 0.995 =O D 538 
Hoy 1.28 -1.74 0.42 
Ho 2eld -0.13 0.42 
C3 Sa ake -0.68 0.52 
H, (trans) -0.995 -5.75 UES sie: 
oo e -0.13 0.4 
H3). 215 Z 
-1.28 -1.74 0.42 
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Ammonia 
N 0 0 0 
Hy 0) 0.94 0.385 
Ho 0.81 -0.47 05365 
H3 ~0.81 -0.47 02385 
a 


in angstroms 
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K*(CH3CH,NH,) + CH3CN = K*(CH3CN) + CH3CH,NH, 5.22 


the intensity of the K*-ethylamine ion was too small to 
measure accurately. 

From the two primary amines studied, it appears 
evident that increased chain length favours the stability 
of the potassium ion-amine complex. Both the enthalpies and 
free energies at 600° agree with this finding. At higher 
temperatures though, it is possible that the more unfavour-— 
able entropy of the propylamine complex will make it less 
aeiote. 

With trimethyl boron as a reference acid, the same 
result occurs; that is, the enthalpy of the complexing of 
B(CH3)3 with propylamine is more favourable than with 
monomethylamine (69). “the proton atfinity Of primary 
amines is also known to increase with an increase in 


alkyl chain length (65). 


c Ethylenediamine-bidentate Ligands 


This subject is covered extensively in the next 
chapter. “It is obvious: that the two nitrogen electron 
donors make the ethylenediamine-potassium ion complex much 


more stable than monodentate 2mine-potassium ion complexes. 


D Aromatic Amines 
In the complexing of aromatic amines, the greatest 
differences between the potassium ion and the other gas 


phase reference Lewis acids, the proton and trimethyl 
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(i) Pyridine 
“The unshared electron pair on the nitrogen in pyridine 

is present in an sp" orbital in the plane of the aromatic 
ring. Because of this orientation, these electrons cannot 
be delocalized by interaction with the aromatic 1 electrons. 
The T electron density is greater at the nitrogen than at 
the carbon atoms. Therefore, it is reasonable to expect 
that the total electron density (nm+o0) at the nitrogen 
should make pyridine at least as strong a base as the 
methylamines (136). 

In solution this is not the case (Ky, (pyridine) = 


1.71 x 1077; K, (methylamine) = 4.38 x 107° 


) (96). Wheland 
(137) has suggested that this is due to the increased 
electronegativity of the nitrogen in pyridine. An increase 
in electronegativity would mean that the electrons on 

the nitrogen would be less available for donation to the 
electrophilic acid. This increase is brought about because 
atoms joined in multiple linkages supposedly have greater 
electronegativity. Another way of looking at it is that a 


2 configuration will have a higher electro-=. 


nitrogen in an sp 
negativity than one in an sp? configuration. The same 
argument was used in the discussion of the dipole moment 
of the C--C bond in acetonitrile (pagel76). 


In the gas phase, pyridine has approximately the same 


proton affinity as dimethylamine. However, if compared 
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to a secondary amine of approximately the same polariz- 
ability such as piperidine, pyridine is considerably less 
basic (by 5 kcal). Thus it appears with respect to the 
proton as a reference acid that in solution the low 
basicity is a combination of solution effects as well as 
the high nitrogen electronegativity. 

The present study demonstrates that pyridine is a 
stronger base than all the methylamines. The reason for 
this difference from the gas phase proton affinities is 
not obvious. The -AS of the potassium ion-pyridine 
clustering reaction is quite low (Table 28), indicating a 
smaller loss of freedom in the formation of the cluster 
than is normal. Whether this is due to a greater freedom 
for rotation about the K'-N bond since pyridine is planar, 
or whether this is due to some statistical factor based 
on interaction with the electrons in the aromatic ring is 
difficult to say from this work. However, it has been 
suggested (136) that the ion-molecule bond most likely 
occurs through the nitrogen lone pair. Further study on 
pyridine and its derivatives (such as 2,6-dialkyl pyridines) 
would help provide information on bonding sites. If the 
lone pair is involved in the ion molecule bond, then the 
addition of bulky alkyl groups should sterically affect 


the clustering reaction. 
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(ii) Aniline 

In solution aniline is a much poorer base than mono- 
methyl amine. Pauling (95) has suggested that this is due 
to the delocalization of the unshared electron pair on the 


nitrogen through the various resonance structures: 


& 


| + + + 
NHS WH NES 2 


as well as the stability of the unionized molecule over the 
phenylammonium ion which has no similar resonance structures. 
In the gas phase the proton affinity of aniline is ~2 kcal/ 
mole lower than methylamine, which would be expected from 
the above hypothesis. 

The Bees Atk ion reactions would at first be expected © 
to show the same result. However, the enthalpy and free 
energies of the KX -aniline reaction are considerably greater 
than the corresponding K*-methylamine reaction. The follow- 
ing theory could explain this difference. 

In guantum mechanical calculations (138), Pople has 
shown that the N--C bond in aniline has some double bond 
character. Furthermore, the Mulliken electron density 
calculations demonstrate that there is T-charge donation 
from the nitrogen to the ring as well as O° -charge withdrawal 
from the ring to the nitrogen atom. The resulting dipole 


moment may be represented as: 
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where the angle @ has the value a3 experimentally (139) 
or 67° when determined theoretically (132). 

The potassium ion will most likely lie on the axis of 
the resulting dipole vector and thus be oriented towards 
the ring. In arene-silver coordination compounds (140), 
the major type of bonding is a O-type bond involving the 
T-electrons of the carbons and the empty 5s orbital of the 


silver ion (141): 


Qa 


—+> Agt 


Q 
oO 


This could occur with the 4s orbital of the potassium 
ion a well. Thus in the case of aniline-K', the complex 
could be stabilized by SReceaCti en with the ring as well as 
with the donor atom, nitrogen. Not only is the higher 


relative enthalpy (i.e. more negative) of the reaction: 


+ a: 
Kot CoHoNH, = K (Cc H_NH,) Ses 


over the corresponding methylamine reaction predicted but 


also the more unfavourable entropy due to the greater 
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restriction of the potassium ion. Due to the small size of 
the proton, such an interaction with the ring would probably 
not occur and there would be no stabilization of the 


complex. 


5.6 Correlation of Gas Phase Lewis Acid-Amine Reactions 

It would be advantageous to be able to correlate the 
gas phase Lewis acid-base interactions. Drago (142, 143) 
has suggested the use of a four paramater equation (Equation 


5.24) to predict the enthalpy of such interactions: 
BE at C.C. =i —A 5.24 


Ey and E, were originally interpreted as the susceptibility 
of the acid and base, respectively, to undergo electrostatic 
interactions, and Cy and Cp as the susceptibility of the 
acid and base to form covalent bonds. The equation may 
also be rewritten in matrix notation by assigning the acid 


parameters to a vector. X, and the base parameters to a 


vector Yn: 
E E 
) + and Y,= E 
cial Lire me Lic 
A B 
The enthalpy will then be a scalar function of the vector: 
. E 
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Equations 5.24 and 5.25 have an infinite number of solutions 
for each of the parameters. 

Drago has taken enthalpy data for 280 Lewis acid-base 
reactions and obtained a "best-fit" solution for the 


parameters E E ( and C, for 43 bases and 31 acids 


BY A’ B’ A 
(143)%. Stintionderto ido this, thervalues En = 1.0 and 


C. = 1.0 were arbitrarily assigned to iodine, and the 


parameters E, =b x » and C, =a x Rp (where yw is the 


B B 


ground state dipole moment, Rp is the total distortion 
polarizability of the amine, and a and b are proportionality 
constants) for the series of ammonia and the methyl amines. 
Then by studying the iodine-amine enthalpies, the propor- 
tionality terms a and b were determined and initial values 
of E, and C, were then obtained. These values could then 

be used to determine parameters of another acid and so on. 
The best fit solution was then obtained by a least square 
ube through the variation of the various E and C 
parameters, always maintaining iodine's Ey = Cy = 1-0. 

This is a very empirical approach, but it does have 
predictive power. However, most of the enthalpies used by 
Drago were determined in weakly solvating media (cyclohexane 
or carbon tetrachloride) and not in the gas phase. Arhland 
(144) has pointed out that solution effects are important 
even in weakly solvating liquids. This is further shown 
by Drago's values for boron trifluoride. In the gas phase, 
connec aifferent values are obtained for En and Cy than 


in solution. As predicted by Arhland, the E/C ratio is 
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higher in the gas phase than in solution. In solution 
acetonitrile has much lower parameters than ammonia. But 
gas phase reactions involving the potassium ion show 
acetonitrile to react more strongly than ammonia. Thus 

gas phase interactions cannot be readily predicted with the 
use of solution enthalpies. Perhaps it would be Better to 
use a six-parameter equation in which solution effects, 

S. and Spe are included: 


A 


Poo CAC + SUSS = =A 5.226 


With the available gas phase acid-base reactions, it is 
then possible, using a similar method to Drago's to determine 


values for the Lewis acid-base parameters: Ens Ep: Cy and 


Cre 


Method I 

‘The potassium ion is chosen as a reference gas phase 
acid. Considering Pearson's softness parameter (145) of 
potassium (0.238) as somewhat equivalent to the ratio GJ 
(144), the parameters En and C, can be set equal to 4.0 
and 1.0 respectively. In the same manner as used by 
Drago, the electrostatic portion of the methyl amines can 
be set proportional to their dipole moment and the covalent 


portion can be set proportional to the total distortion 


polarization of the amine. Thus: 
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+ C 4C, = -AH(K -amine) 
aK 


Bue & 
K B 


B 


or 
+ aR - -AH(K*-amine) 5ao7 


4buomine 


The dipole moments, total polarization and experimental 

enthalpies for the potassium ion-methyl amine reactions 

are listed in Table 33. The following equations result: 
(45s ss 1. 25) “4 fate e9o)) 1728 


(4 ix ib Se 1, 28). Caaxelos5s) 2,;19.1 


(4..x2bSx 1.02) + (auxyl4.96)' = 19.5 


| 


(4x bux 0.64) 4 (aus 20-201)" =320.0 


| 


These equations are then mutually solved for a and bina 
least squares manner. The best values of a and b are thus 
obtained: a= 0.672 and b =2.375. The observed and 
calculated enthalpies are compared in Table 34 along with 
the values of Ep and Ca for the methyl amines. 

The E and C parameters are then determined for the 
proton and for trimethylboron in a least squares best fit 
manner, using the amine parameters and the experimental 


proton affinities of the amines and AH values for the boron 
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TABLE 33 


Dipole Moments and Total Polarization of Methyl Amines 


and Experimental Enthalpies for the Reaction: 


Fotal 
Dipole Distortion -AH for Potassium 
Moment Polarization Ion-Amine Reaction© 
Amine (Debyes ) (cc/mole) (kcal/mole) 
NH} 1.45 pele) LEV DAS 
CH3NH. 1.28 LOS5S8 LORE 
(CH3) NH eo OZ 14.96 TOD 
(CH) 4N 0.64 20.01 20.0 
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TABLE 34 


Calculated _and Experimental Enthalpies for 


Potassium Adducts with Methyl Amines 


Amine Ep on -AH Calc.? -AH Exp.® 
NH3 3.44 3.96 d787 17.8 
CHNH, 3.04 jena 1903 oe: 
(CH,) .NH 2.42 10.05 19:7 19.5 
CR es ery: 13.45 19.5 20.0 


@in units of kcal/mole 
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-amine complexes. The only other base whose enthalpy of 
complex formation has been studied with the three reference 
acids is pyridine. Its parameters are then determined from 
the acid E and C parameters. 

All the parameters are then put in a computer program 
and redetermined until a "best-fit" solution is obtained, 
at all times keeping the potassium ion"s E, = 4.0 and Cy, = 
1.0. The final E and C values for the acids and bases are 
listed in Table 35. The only major change from the initial 
values in Table 4 is in trimethylamine. This anomaly is 
likely due to steric effects (142) which are in some manner 
incorporated into the E and C parameters. The enthalpies 
calculated from Equation 5.1 are compared with experimental 
values in Table 36, In all cases, the calculated enthalpies 


are within 2.5% of the experimental values. 


Method Lo 


The values of E, and C, for the amines are originally 


B B 
taken as those determined by Drago (Table 37). From these 
in a best fit manner, En and Cy values are obtained for the 
acids: Ken Hee and B(CH3) 36 The base parameters are then 
altered as in Method I until a best fit solution is deter- 


mined. The resulting final parameters and calculated 


efithalpies are shown in Table 37 and Table 38 respectively. 


The ratio C/E has been used to depict the relative 


softness or hardness of an acid or base by Klopman (146). 
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TABLE 35 


Best Fit Gas Phase E and C Parameters 


Acids 
Lewis Acid En Cy C,/E, 
+ 
K 4.0 Rikefe O25 
tag A673). 0.07 LO. 779. 10.04 0.231 
B(CH3) 3 2.21 (0.01 156) O¢0n 02706 
Bases 
Ep Cp Cp/ER 
NH 3253" O01 3-89) 9) 0102 1.08 
CH,NH, 320340702 E03" #20201 pel 
(CH,) .NH 286.5 0701 8.29 0.04 2.89 
(CH) ,N Baral OF0T 6.47 «0. 02 1.89 


Pyridine ae57e) BOL02 592, 0210 1.66 
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TABLE 36 


Calculated and Experimental Enthalpies for 


Various Gas Phase Lewis Acid-Base Reactions 


-4H Calc. -AH Expt. 
Acid Base (kcal/mole) (kcal/mole) 
mt 
NH3 E7ie9 Eee 
CH,NH, 19.1 19.1 
(CH, ) ,NH Po LoS 
(CH) ,N 20.1 20.0 
Pyridine 20.2 20.7 
Be 
NH3 205.8 207.0 
CH3NH., DR AT NAS) 27S 
(CH,) ,NH 22310 22520 
(CH) 3N 229.2 230.3 
Pyridine 230.40 oh 225.6 
B(CH3) 3 
NH isiey 1327 
CH,NH. 17.6 bef fee 8) 
(CH,) NH LS eed 1953 
(CH) 40 17.6 17.6 


Pyridine hve ch 17.0 
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TABLE 37 


E and C Parameters for Various Lewis Acids and Bases 


Using Drago's Amine Parameters 


Bases 


From Drago™ 


Ep Cp C/E 
NH, 1.36 3.46 2.54 
CH,NH,, 1220 5.88 4.52 
(CH) ,NH 1.09 8.73 8.01 
(CH,) N .808 11.54 14.28 
Pyridine ey 6.40 5.47 
Corrected to Best Fit 
NH 1.43 2.68 eg 
CH,NH, 1.00 8.42 8.41 
(CH,) NH 847 10.63 12.55 
(CH,) ,N SWAY Sy, Ter 5.84 
Pyridine eo 6.13 4.66 
Acids 
Ee Ch C/E 
Ke 10.55 102 0.0967 
Ht 123.56 11.06 0.0895 
B(CH3) 3 cnt e223 0.1673 


@Reference 143 
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TABLE 38 


Calculated and Experimental Enthalpies for Various Lewis 
Acid-Base Reactions Using Drago's* Base Parameters 


. -AH Calc. (kcal/mole) -AH Exp. 
Acid Base Drago's Corrected (kcal/mole) 
+ 
K 
NH3 UPS ie hee 
CH3NH., 19.8 Lon. LS Fis 
(CH) NH 20.5 DS as) £955 
(CH,) ,N 20.4 moon 20.0 
Pyridine Lec 9 20.1 20.7 
ut 
NH3 206.3 206.5 20720 
CH.NH, Ze ed 216.8 PAL Thee e) 
(CH) .NH 23 lee 2222 225.3 
(CH) 3N 22s 229.0 25065 
Pyridine 2155 230.3 2250 
B(CH3) 3 | 
NH3 14.2 NA fei nec ae / 
CHNH. 16.7 L7<6 A Ley So 
(CH) .NH 18.6 MS eg Be Loe 
(CH,) 3N 2050 B/S) Li so 
Pyridine Lo. 3 iyi 17.0 
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A large C/E means a "soft" acid or base. From both methods | 
used in this study the ratios C/E vary in the same manner 
(although since the reference in one case was K and in the 
other iodine, the ratios are not numerically the same). 

From Table 37 the "corrected best fit" order of hardness 


+ + 
of the acids will be H > K > B(CH The order of 


aye 
hardness of the bases will be NH, > pyridine > (CH) ,N > 
(CH) NH, > (CH) ,NH. These orders are similar to the 
qualitative classification by Pearson (54). That is, the 
proton and potassium are hard acids; trimethyl boron is 
borderline; ammonia is a hard base; pyridine, dimethyl- 

and trimethylamine are borderline or soft. Only mono- 
methylamine seems out of place, since it has been classified 
by Pearson as hard. 

Drago has pointed out (143) that the procedures used 
by Pearson to determine hardness and softness do not give 
the same results as the C/E ratio because the magnitudes 
of the C and E numbers are lost in the ratio. This can 
best be demonstrated by comparing the values for the proton 
with those of potassium. The ratios of C/E are very similar 
(.23 for the proton, .25 for the potassium ion); however 
the magnitude of the values are 10 times greater for the 
proton. Thus, even though the proton is the "hardest" 
acid, the high C terms means that it will interact with 
"soft" bases to a larger degree than K* or even the much 
“softer” trimethylboron. Therefore, the magnitude of the 


C and E parameters are more important in determining the 
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enthalpy of an acid-base reaction than is their ratio. 


Save Limitations iof. the Drago Four Parameter Equation 


When using the four parameter equation to obtain the 
E and C parameters for a base, the ratio E,/Cy should be 
quite different in order to obtain accurate parameters (143). 
If reaction enthalpy data is available from only two acids, 
it is imperative that the E,/Cy ratio be substantially 
different. Equation 5.24 may be rewritten in the following 


manner s 


(E,/C,)E, + C, = -4H/C, | S226 
When solving this equation for two acid-base reactions, 
(in which the base remains the same), all accuracy will be 
Yost 1£.the. ratios E,/C, are similar. As a result, this 
correlation fails drastically when considering bases such 
as water or acetonitrile, for in order to determine the 
Ep and Ca parameters, it is first necessary to use only the 
acid parameters of the proton and the potassium ion, since 
no other data exists in the gas phase. Due to the 
similarity in the ratios E,/Ca, this is dangerous and the 
results predict very wild values of Ep and Cp Gxe'. CEor 
acetonitrile: Ep = -18.7, Cy =99.2 and for water: 
= -3.68 and C, = 314 5), 


If it is assumed that the Ep water parameter is 


Ep 


proportional to its dipole moment and the CE, parameter is 
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proportional to the total distortion polarization, the 
resulting parameters (E, = 4.3, Cp = 2.4; Method I) lead to 
a AH = -19.6 for the potassium ion-water reaction, and a 
proton affinity Of 226, both of wen are considerably 
higher than experimental values (Table 29). 

Thus, this method of gas phase Lewis acid-base 
correlation seems limited to systems which are alike in 
their acid-base interactions. That is, it would only work 
if an acid interacts with each of the bases in the same 
manner. For example, with aniline the potassium ion may 
interact with the aromatic ring as well as with the 
nitrogen, yet the proton would not. This would not be 


predicted from the present correlation system. 


5.8 Gas Phase Lewis Basicity of Ethers with K' as a 


Reference Acid 

Due to the unshared pairs of electrons on the oxygen 
atom, ethers undergo complexing reactions with Lewis or 
Bronsted acids. This complexing ability is central to 
much of the chemistry of ethers (147). The solvation of 
cations in ethers plays an important role in many organic 
Pelee (for example, the Grignard reaction). Thus it 
was felt that the study of the interaction between the 
potassium ion and various ethers would provide useful 
thermodynamic results. 

In the present study, equilibrium constants were 


determined as a function of temperature for the two reactions: 
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+ ee te 

KT + CH,0CH, = K*(CH,OCH,) 5.29 

Ke PeiG He OCH. = KIC. HOCH: 5.30 
975 Pd sitio as : 


The equilibrium constants remained constant as a function 

of pressure as is demonstrated in Figures 87 and 88. The 
fe) fe) 

298° AG 600 and AS’ for 


the above reactions were obtained from Van't Hoff plots 


thermodynamic functions Ane Ne? 


(Figure 89). These thermodynamic values are listed in 
Table 39. 

From the Van't Hoff plots and Table 39, it can be seen 
that dimethyl ether is less basic than diethyl ether when 
K" is a reference Lewis acid. This is in agreement with 
proton affinity measurements (148) but in conflict with the 
gas phase basicity when the bulky Lewis acid BF. ae used as 
the reference acid (149). A comparison of the enthalpies 
for Reactions 5.29 and 5.30 using ee Hoe and BF3 as the 
reference acids is given in Table 40. 

In solution it has. been commonly supposed that water 
is more basic than the ethers. This anti-inductive order 
has been Bee isacea ico steric strains. However, the present 
data and proton affinity measurements demonstrate that both 
dimethyl ether and diethyl ether are much more basic than 
water. Thus, as was the case in the methyl amine basicities, 
this anomolous order is likely due to a solvation effect. 

The Van't Hoff plot of the reaction between the 


potassium ion and dimethylamine is included in Figure 89 
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FIGURE 87. Equilibrium Constants versus Pressure at Various 


Temperatures for the Reaction: 
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P= (torr) 


FIGURE 88 Equilibrium Constants versus Pressure at Various 


Temperatures for the Reaction: 


KY + (CoHs)20 = K ((Celis)20) 
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FIGURE 89 Van't Hoff Type Plots of the Interaction Between 
Dimethyl- and Diethyl Ethers and the Potassium Ion. 
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TABLE 39 


Thermodynamic Functions for the Reactions: 
K’ + Ether 2 K*(Ether) 


fe) re) fo) re) 
Ether (kcal/mole) (e.u.) (kcal/mole) (kcal/mole) 
CH,0CH, 20.8 24.8 13.4 5.89 
CoH. OC.H, 2263 24.7 14.9 Leow 


(CH,) NH tS 21.4 ES ioe 6.65 
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TABLE 40 


Enthalpy® and Free Energy? at 298° C for the Reactions: 
Acid + Ether = Complex 


CH30CH3 _ CoH, 0C5H, 
+b 
K 
=A 20.8 22.3 
(e) 
16° ,98 W304 | 14.9 
Cc 
H’ 
Ka? - 186 199 
e 
BF 
=AH~ 13.3 10.9 
Oo 
-AG 298 Ey 3.6 


i 


@in kcal/mole 
Ponis work 

CReference 148 
a 


Assuming 4S approximately 30 e.u. 


“Reference 149 
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and the thermodynamic values are compared with the ether 
values in Table 39. From the Van't Hoff plots and the 
standard free energy at 600° K, the centre of the experi- 
mental range, it can be seen that dimethylamine is more 
basic than dimethyl ether. This is in agreement with 
proton affinity measurements ( PA (CH30.5CH3) = 186; 


PA ( (CH NH) = 225). The -AH®° value for the K*— (CH) .NH 


3) 2 
reaction is lower than the corresponding -AH° value for 
Reaction 5.29. However, aS was mentioned earlier in this 
chapter, the order of basicity is best given by the more 
accurate -A6° 6 50 value. 

Thus, it would appear that diethyl ether is more basic 
than dimethyl ether, which in turn is more basic than water 
when K* is the reference acid. Also, it seems that dimethyl- 
amine is slightly more basic than dimethyl ether. Both of 
tices results are in agreement with gas phase Bronsted 
basicity results. Further research on ether basicity and 


gas phase solvation of cations in ethers is currently 


underway in this laboratory. 
5.9 Other Bases 


A Water 


Water is less basic in the gas phase than ammonia when 
K’ or H® is the reference Lewis acid. For the potassium 
ion reaction with either base, the electrostatic calculations 


carried out in Chapter 4 for water and in this chapter for 
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ammonia predict this due to the higher polarizability of 
ammonia. From the Pearson hard and soft acid-base theory, 
it could then be said that water is a "harder" base than 


ammonia. 


B Acetonitrile 

Acetonitrile is more basic than ammonia when the 
potassium ion is the reference Lewis acid, yet less basic 
when the proton is the reference acid. If it is assumed 
that the proton is a “harder" acid than the potassium ion, 
then it seems reasonable that acetonitrile will bea 


"softer" base than ammonia. 


A summary of the gas phase Lewis basicities of the 


bases used in this study is given in Table 4l. 
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Standard Free Energies at 600° K ana Enthalpies 


for the Reactions: 


+ + 
K (Base) = K + Base 


Base 


CH,NH, 


(CH,) .NH 
(CH) 3N 
n-C,H_NH, 


Co HENH. 


CoHEN 


NH, CH -CH,_NH 


Dee tase, 


CH30CH. 


CoH, 0C.H- 


CH30C.H,0CH3 


AG 


° a 
600 


(kcal/mole) 


D's 79 
6.16 


6.65 


4.96 


£12550 


AH® (kcal/mole) 


5 Bir es! 
Ie ses 
1 Ps) 
20.0 
21.8 
2260 
20.7 


25.7 
20.8 
2269 
3058 


Poe 


24.4 


@ctandard state =1 atm. 
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CHAPTER 6 


MULTIDENTATE LIGANDS 


Gel Introduction 

Very few complexes of alkali metals have been reported 
and those that have are mainly formed from multidentate 
ligands containing the "hard" donor atoms nitrogen and 
oxygen (150). Besides the fact that alkali ions form very 
weak complexes compared to transition metals (in most cases 
the complexes are referred to as solvates for alkali metals), 
lack of spectroscopic transitions and magnetic properties 
in alkali metals accounts for their coordination chemistry 
receiving less attention than that of metals with partly 
filled d- or f- orbitals. 

The recent interest in the coordination chemistry of 
alkali ions, and in particular sodium and potassium, 
originated with the synthesis of cyclic polyethers (crown 
ethers) which are cation selective, and act as reasonable 
models for the transport of sodium and potassium ions across 
membranes (for example, 151 - 155). Other research groups 
(150) are interested in alkali ion coordination because of 
piae importance to the metabolism of plants. Although 
solvation effects play an important role in such complexes, 
intrinsic thermodynamic data from the gas phase study of 
interactions between the potassium ion and various polyethers 
and polyamines could provide important background information. 


By beginning with the simplest polyethers and amines = 
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1,2-dimethoxyethane and ethylenediamine - certain trends in 
the complexing of Kt with these polydentate ligands should 
become evident. Experimental results involving such systems 


will be presented and discussed in the present chapter. 


6.2 Presentation of Results --Ethylenediamine 


Ethylenediamine (abbreviated en, and represented by 
structure I) is a very common bidentate ligand in the 
complexing of transition metals. The lone pairs on the two 
nitrogen atoms are readily donated to the electrophilic 


metal ion. 
Ba pean Fi2 


In the present study, the equilibrium constants of the 


following reactions were determined: 


Rae en = K *(en) 6.1 
K *(en) +en2 K*(en) 5 6.2 
K“(en), +. ens K*(en) , 6.3 


The equilibrium constants for the three reactions are plotted 
as a function of pressure at various temperatures in Figures 
90 —- 92 respectively. The Van't Hoff type plots of the 


reactions are shown in Figure 93, and the thermodynamic 
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FIGURE 90 
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Equilibrium Constants versus Pressure at Various 


Temperatures for the Reaction: 


Kak ene = K (en) 
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FIGURE 91 Equilibrium Constants versus Pressure at Various 
Temperatures for the Reaction: 
+ 
K'(en) + en = K (en)p 


No used as a third body. 
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diamine at Various Temperatures for the Reaction: 
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values obtained from the plots are listed in Table 42. 

For Reactions 6.2 and 6.3, the "stripping" phenomenon 
described in Chapter 2 became very serious and it was 
difficult to measure the equilibrium constants accurately 
since the maximum pressure was approximately 0.3 torr before 
the constants began to drop with pressure. In order to 
expand the pressure range, a third body, nitrogen, was 
added to the system, and the pressure of ethylenediamine 
was lowered to 10-100 microns. The method in which this 
was done is given in Section 2.5. 

The same method could not be used when studying the 
Ko equilibrium (Reaction 6.1), since much higher pressures 
of ethylenediamine are required to achieve equilibrium. 

This is demonstrated in Figure 94. Therefore, the standard 
method, using pure ethylenediamine and measuring the 
“pressure directly on the manometer, was employed for obtaining 


the equilibrium constants for Reaction 6.1. 


6.3 General Discussion - Ethylenediamine 
From the Van't Hoff plots for the gas phase complexing 


of ethylenediamine by potassium (Figure 93) and the thermo- 
@ynamic values determined from them (Table 42), several 
observations may be made. There is a slight decrease in 

AH from the 0,l-reaction to the 1,2=reaction of 3.5 kcal/mole; 
however the decrease between the 1,2 and 2,3-reactions is 

9.3 kcal/mole, much more substantial than in any previous 


clustering reaction with alkali metals. The entropy becomes 
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TABLE 42 


Thermodynamic Functions for the Reactions: 


+ eee 
K (en) 4 + en 2K (en), 


a 


a 

aNHO a Need : 
Reaction (kcal/mole) (kcal/mole) -AS (e.u.) 
cba ill aide 200 Se ces) SI a ee Ne I A ot A ee eae ene RL 7 
O12 Pasay pees Tips: 19.0 = 0.5 22°53 = 0<8 
i BA S22 O55 DS oe De O 32502 1.2 
we N| 12.96 033 5 tc OlA 260° =20.9 


“standard State =1 atm; 298° K 
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FIGURE Plot of Ko,, for the Complexing of K with Ethylenediamine 


versus Pressure of en, Demonstrating Non-equilibrium. 


Dashed line represents value from Van'Hoff Plot. 
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much less favourable for the 1,2-reaction compared to the 

Ouest This sus expected due to much more hindered rotation 

and the more geometrically specific orientation of two 
bidentate molecules compared to one. One would therefore 
expect (from the same argument) that the third ethylenediamine 
ligand would have an even less favourable entropy, and the 
change in 4S would be greater than between the 1, 2<and 0,1 
reactions. However, this is not the case. The entropy 
becomes more favourable (less negative) upon the addition 

of the third bidentate ligand. 

There are many possibilities for this occurrence, all 
of which are quite plausible. The first is that the third 
ethylenediamine molecule "attaches" itself to the potassium 
ion in such a way that only one nitrogen is oriented 
towards the ion. The value of AH» ,3 should then be similar 
oe 0) AH, 5 fee the clustering of methylamine. Although dH 5 
for methylamine has not been determined, it would appear 
from the acetonitrile and water studies that the ~4H, 5 
would likely be lower than - MH, 3 (en). Another possibility 
is that the addition of the third ligand forces one of the 
previously doubly attached iigands to become monodentate 
due to dipole-dipole repulsions. The more favourable 
entropy would then be expected. A third possibility is 
that the third molecule attaches in bidentate fashion, but 
the dipole-dipole repulsions force the ligands much farther 
from the molecule and thus are more loosely bound. A final 


possibility is that the third ligand becomes hydrogen 
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bonded to one of the previously attached ligands - thus 
forming a second shell. The more favourable entropy supports 
this idea, but again the enthalpy value appears too high, 
unless the second, non-hydrogen bonded nitrogen is oriented 
towards the ion, or is itself hydrogen bonded. It is 
difficult to predict which of these models, if any, will 
result upon the addition of a third ethylenediamine 

molecule. The important finding is that the third en 
molecule is much more weakly held than the first two. Thus 
tetracoordination is indicated. 

The Van't Hoff plot for the clustering of n-propylamine 
with potassium can be compared with that for Reaction 6.1 as 
a qualitative proof of chelation. This is done in Figure 
95. If only one end of the ethylenediamine molecule were 
interacting with the potassium ion, it would be expected 
‘that the Beg ney oe of the reaction would be in the same range 
as the aliphatic amines, and especially that of n-propyl- 
amine. From the Van't Hoff plots, it can be seen that 
there is a tremendous difference between ethylenediamine 
and propylamine, indicative of the chelation of the potassium 
ion by the bidentate ligand. | 

One would expect that chelation would cause a greater 
restriction on the freedom of motion of a molecule and the 
entropy of a chelation reaction would be much more unfavour= 
able than the entropy of a monodentate clustering reaction. 
However, from Tables 28 and 42, it can be seen that the 


ASG 1 for the clustering of a bidentate ligand is in the 
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same range as the ASQ 1 for the clustering of a monodentate 
ligand to the potassium ion. This would seem to indicate 
the loss of freedom due to the chelation of ethylenediamine 
is small. When a monodentate ligand, such as n-propylamine , 
interacts with the potassium ion, the methylene and methyl 
groups tend to be directed away from the ion due to ion- 
dipole repulsions. Thus both the monodentate and bidentate 
ligands will have a preferred orientation when they form a 
complex with the potassium ion and both ligands will have 
restricted rotational freedom. Therefore, the entropies 

of single molecule clustering reactions need not be too 


adifferent. 


6.4 Stability Constants -—- the Chelation Effect 


The equilibrium constants, K for Reactions 6.1 


n-1,n’ 
to 6.3 may also be referred to as stepwise stability 
constants. The overall stability constant, 8 ,, will then 


be the equilibrium constant for the reaction: 


Kee n(en) = K en, 6.4 
and 
n 
B = IT K. y é 
DAs GE ee 6.5 


Thus from the gas phase interactions, intrinsic stability 


constants can be readily determined. In Table 43 the 
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TABLE 43 


Stability Constants for the Reactions: 


+ ut 
K (en) ,-7 +en =K (en), 


a a 
n log Ky-1,n log B n 
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stepwise stability constants and overall stability constant 
(foren upritoas) for the reaction between ethylenediamine 
and the potassium ion are shown (standard state one 


atmosphere, 298° 


K) . 

In solution, the stepwise stability constant, Ko 4° 
for a bidentate ligand is always greater than the product 
of the stability constants, Ko 181, 2° for two monodentate 
ligands which are similar to the bidentate ligand. For 


example in the complexing of nickel (II) by ammonia and 


ethylenediamine (156): 


+2 +2 


Ni + 2NH, = [Ni (NH), ] B=10> BEG 
+2 +2 7.5 
Nii.ten. = [Nifen)J> < Biel Ose; 6.2.7 


This overall stability of the complex containing a chelate 
ring over one which does not is referred to as the "chelate 
effect". The chelate effect is said to be due to the 
favourable entropy of the chelation reaction in solution 
(156). This may be interpreted in a qualitative way. When 
atoms of the ligand enter the coordination sphere of an ion, 
water molecules are necessarily displaced. In a nonchelate 
system, each water molecule is displaced by one ligand 
molecule and the total number of molecules in the system 
remains constant. However, in a chelation reaction, one 
ligand molecule displaces two or more water molecules and 


the net number of free molecules increases. As a result, 


vis “beef S32 ant aN ae Y ’ 
. mabe sini bah natn’ cs im 
ved ee bean 9 


ber 


oo 


(a sy) he eens: me tbdahade 
coke 


sped NEav 


A wa wid Sai 


mpi aay * de std a ae 


), Soe ae 
oe Pape fa) 

rie, a. va ny a 7% | v7 

cS Oe, ae hi A di ; By - 


Ah Rass tt re 
i lobe ae co. a fae e 3 ie 
i, ton a i es a4; inte oo | 
sokiwtai al mse dst Sal te ? 


; a ; 


-guelt page et ablaty bang 
(hae ll ae Sabie Perey re att. “dale aoa 
 aalud Lota a: we oberg ge elicwaaenae ane watts a) 

pink h aii wget perdedi intl oft » fra re ioe > nen i 
pelece aay. bk 2 pi Lom il Sema Go rasta oder bars eissetom: | 
err ehaees ctl yin bd hi i guawonoit thal anoe ‘edmyes 
pn optiillibaie ‘gahew ‘never one wialaath: slate bom a a 


( hire 6 Rk Taek ys hbo ae. $5 odes ton oad” 


Pid ac e ft : eh a ail 


2855 


the disorder or entropy of the system increases. Another 
way to look at the problem is to imagine a bidentate ligand 
with one end attached to an ion. This means that the 
second end cannot be too far away and the probability of 

it interacting with the metal ion is much greater than 

that of an independent ligand somewhere in the bulk 
solution. 

In the gas phase a somewhat similar entropy effect will 
be noticed since the order of the system will increase with 
the addition of two ligands compared to only adding one 
bidentate ligand. The translational entropy term is very 
important in the gas phase. With two monodentate ligands 
this translational entropy term will be counted only once. 
Thus, the bidentate ligand should be relatively more stable 
from an entropy point of view. 

It can be assumed from previous studies on alkali ion 
solvation that the free energy of Reaction 6.8 will be 
about 


+ Chee» 
K (CH,NH, ) + CH,NH, = K (CH,NH,), 6.8 


-10 kcal/mole. Combining this with the AG l for the 


reaction between the potassium ion and methylamine (Table 28, 
Chapter 5) gives a total AG, 2 of -22.7 kcal/mole or a B. 


of ices” for Reaction 6.9. The standard free energy of 


Reaction 6.10 
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K” + 2CH.NH, = K “(CH.NH.) 
an R05 15 6.9 


K’ 4 en 2 K* (en) 6.10 


is -19.0 kcal/mole ( Bos iG which means that the 
potassium ion complex with two methylamine ligands is more 
stable than the ethylenediamine complex. This is in 
Girect conflict with the chelate effect which would 
predict the opposite, that is, that the ethylenediamine- 
potassium ion complex would be more stable. 

This difference in stabilities can be attributed to 
the enthalpies of the reactions. Assuming the enthalpy of 
Reaction 6.8 to be about -16 kcal/mole, the total enthalpy 
of Reaction 6.9 will then be about -35 kcal/mole. For the 
ethylenediamine reaction, the enthalpy is =-25.7 kcal/mole, 
etic means from an enthalpy point of view it is much less 
stable. This large difference in enthalpies can be looked 
at in two ways. The two methylamine molecules can approach 
the potassium ion from opposite sides. This means that the 
dipole-dipole repulsions will be minimized. However, the 
two negative poles on the ethylenediamine molecule will 
Beer siativade close together and there will be a lowering 
of the interaction energy due to a dipole-dipole repulsion. 
In addition, when one end of the ethylenediamine molecule 
attaches to the potassium ion, a slight positive charge 
will be induced on the nitrogen atom. Due to the field 


effect (157), some of this induced charge will be transferred 
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to the second nitrogen, lowering its negative point charge, 
i.e. its basicity will be lowered. Thus, from an electro- 
static viewpoint, two monodentate ligands should interact 
more strongly with the potassium ion than one bidentate 
ligand. 

From the free energies given above for the two reac- 
tions, it is obvious that the favourable entropy of the 
bidentate ligand reaction is overridden by the more 
favourable enthalpy of the monodentate reaction. In 
solution this is not the case and the entropy differences 
become more important in determining the stabilities of 
the complexes. One possible explanation is that in solution 
the field effect does not play as important a role as it 
does in the gas phase. This is due to the field effect 
being inversely proportional to the dielectric constant of 
pate solvent (157). Thus, in solution the basicity of the 
second donor atom in a bidentate ligand will not be lowered 
and the overall enthalpy of the bidentate ligand-ion 
reaction will be relatively more stable than it would be 


in the gas phase. 


6.5 1:1 Complex of Potassium and Dimethoxyethane 


Dimethoxyethane (II) is the methyl ether of ethylene 


glycol 
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and is often simply referred to as "glyme" (glycol methyl 
ether). It has Ae donor oxygen atoms and thus it would 
be expected to form a chelate type complex with the 
potassium ion. In organic reactions, it is often used as 
a solvent for pose sions involving alkali metals due to the 
high solubility of the alkali metal in it. 


The equilibrium constant for the reaction 
+ + 
K* + glyme 2K (glyme) On dee 


was studied as a function of temperature. The plot of 
Se versus pressure at various temperatures is shown in 
Figure 96. The Van't Hoff plot is included in Figure95, 
along with ethylenediamine. The thermodynamic values 
obtained from the plot are compared with those of ethylene- 
diamine in Table 44. Chelation is demonstrated by comparing 
the monodentate ethers, dimethyl and diethyl ether, and 
noting the large differences between the Van't Hoff plots 
(Figure 95). | 

The interaction between dimethoxyethane and the 
potassium ion is much stronger than that between ethylene- 
diamine and K’., Potassium has been found to complex more 
readily to oxygen than to nitrogen in the study of cyclic) 
crown complexes (158), and the gas phase results agree with 
this for. bidentate ligands. A more suitable comparison 
would be between dimethoxyethane and N,N‘, dimethylene- 


diamine (CH3-NH-CH»CHj-NH-CH3) ; however, the latter compound 
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K + glyme = K (glyme) 
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TABLE 44 


The Thermodynamic Relationships for the Reaction: 
+ 
K + glyme = K* (glyme) 
Compared with the Reaction: 


K* +en2 K* (en) 


a 
~ AH -4G 
Compound (kcal/mole) =AS*{e.U; ) (kcal/mole) 
Dimethoxyethane 
(glyme) 30.8 + 1.1 26.0081. © 220 n ee 
_Ethylenediamine 
(en) 25 dea ae 2200) =10. 7 19.0 = 0.5 
a 


SS = 1 atm; 298°K 
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has not yet been studied. It would be expected from the 
monoamines that N,N', dimethylenediamine would interact 
more strongly than ethylenediamine but probably by no more 
than one or two kcal/mole (comparing monomethyl- and 


dimethylamine) . 


6.6 Summary 


This study gives preliminary data on the interaction 
between the potassium ion and multidentate ligands. The 
overall and stepwise gas phase stability constant of the 


reactions: 
+ ut 
K (en) 1 #eT (st. K (en), 


were obtained up to n equals 3, as well as the thermodynamic 
functions for the above reactions and the reaction: 


Korck glyme = K" (glyme) 


The following conclusions can be stated: 
1) Chelation occurs between the potassium ion and the 
| bidentate ligands ethylenediamine and dimethoxyethane. 
2) The interactions between diethers and the potassium 
ion are stronger than between similar amines and the 
potassium ion. 
3) Although interactions between the bidentate ligands 


are much stronger than monodentate ligands, no 
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“chelation effect" is noted in the gas phase. 

- For higher polyethers and amines, a different experi- 
mental technique will be necessary. Since the ion source 
was at its maximum pence dre for the study of the 
bidentate ligands, and since the tridentate ligands will 


interact more strongly, the equilibrium: 
KY + FS filial LOE 2a, FB) = complex 
diglyme 
will require much higher temperatures in order that the 


equilibrium constants be accurately determined. A 


switching equilibrium experiment of the type: 
K* (glyme) + diglyme = K* (diglyme) + glyme 


would probably be the most efficient method. 
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CHAPTER 7 


SUGGESTIONS FOR FURTHER RESEARCH 


uel Complexes Involving the Silver Ion 


The study of the complexing of the monovalent silver 
ion with various conjugated systems would prove interesting. 
From the potassium ion complexes with aniline and acetonitrile, 
the possibility that the t electrons of the base interact 
with the empty 4s orbital of the ion exists. With silver 
this is even more likely, due to back donation of electrons 
from the d-orbitals in atl =type bond. For example, for 
arene-silver reactions the following two types of bonds 


would exist (141): 
(Ss 
OF @ 
+ 
Cc 


ie Q 9, O ei, cua 
WO 


The o-type bond is expected to be stronger than the 
m=bond (140). 
With this idea in mind, the complexing of various 


conjugated compounds with the silver ion can be studied in 


P yur PB “4 bie fi: i ii 


ny ‘MY Ma wie 
Ves Dr iS 
We + ~y 
i r ; 
‘ ae ee 
aOR UES Wa 


i. 


x ~ oe i 
Pie E19 Ww 4s eS 
if a 
{ 
F 


via 


‘MA ont ie 
ip eee ‘antes 


{oa 


i 


seal xe rea 


a, i igs a ane’ us si 
hy eet Ab “api 


au ie rch Cy eet a: 


cole! / ato $ Hh 
bb: a(t i gi sly | 
1. nat 9 neey * 


4 leah Ly 


(ones agate Win 


oP Shi ea ee 


site en ‘ontintte® ott 


4 7 nh . 
vy i vi Die 


Bune” a aan) alk fe si 


ae 


? - | 
fat ome 4 
he 
he 


Paes | 

een 
mT a 
ray 


papi eae Sor asic ‘eit: sie wae 


ee: 
es acy 


rie OH bd t 
i ti 
wate 


292. 


a systematic manner: alkenes, alkynes, cycloalkenes, 
benzene, substituted benzenes, and heterocyclic aromatic 
compounds. 

Silver (I) in most cases forms 2:1 complexes with 
various ligands. When higher complexes are formed the 
stability constants, K3 and Ky are eee. small compared 
anaes K~. //bhus;,., in. the step-by-step clustering of a 


uy 2 
ligand on the silver ion, it is likely that there would be 


toOmk 


a severe break in the enthalpy and free energy upon the 
addition of the third ligand. As a guess, one would expect 
that the first two ligands would join at an enthalpy much 
greater than with the potassium ion and the next few ligands 
would have thermodynamic properties very close to the 
clustering of the ligands with potassium (since potassium 
and silver are about the same size). 

Experimentally, it does not appear that the silver ion 
would be that hard to produce. The ionization potential of 
silver is relatively low (7.5 ev) and a thermionic ion 
source such as was used with the alkali ions would likely 
work. 

Gas phase silver ion complexes and their thermodynamic 
functions would be of great interest to the field of 
organometallic and coordination chemistry as well as to 


electrochemistry where the silver-silver ion electrode is 


often used. 
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Hi) AlKads > ton Complexes with Crown Ethers 


As was pointed out in the last chapter, the study of 
cyclic polyethers has developed remarkably in the last few 
years. In 1967, C. J. Pedersen (152) presented a paper 
describing es synthesis and ion selectivity of over thirty 
such "crown" compounds. Since then, the thermodynamics of 
ion-crown ether complexing reactions in various solvents 
have been studied extensively by calorimetric (154), NMR 
(159), ultraviolet (160) and potentiometric (161) techniques. 
This interest developed because cyclic polyethers can be 
used as a model for biological activity as related to ion 
transport, photosynthesis and oxidative phosphorylation 
(154). 

Crown ethers are cyclic polyethers which have a 
lipophilic’exterior and hydrophilic centre cavity ringed 
with electron donor atoms (oxygens). In the presence of a 
metal ion, the ether assumes a highly specific conformation. 
A Courtald model of one of the most common crown ethers, 
dibenzo-18-crown-6 is shown in Figure 97. The crown ethers 
are usually described in an abbreviated manner. The first 
number in the name describes the total number of atoms in 
the ring and the second number represents the number of 
oxygen atoms in the ring. The substituents (if there are 
more than one) are usually, although not always, placed 
symme trically. The structures of a few common crown ethers 
are shown in Figure 98. 


The question then arises: why would high pressure 
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STRUCTURAL FORMULA 


FIGURE 9 Courtala® and Structural Models of Dibenzo-18-crown-6. 


a) taken from reference 152 
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FIGURE 98 Some Common Cyclic Polyethers. 
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mass spectrometry be useful in studying such complexes? 
In the determination of the thermodynamic properties of the 


reaction Vad: 
. + 
M + Cr #M Cr Tall 


in solution, it is difficult to-obtain the single ion 
thermodynamics since the metal ion must be introduced as a 
salt (usually a chloride, iodide or most often a thiocynate). 
In the gas phase, this problem is eliminated. The solution 
studies have shown that the ion selectivity of these 
compounds is highly solvent dependent (159, 160, 162). 
With the high pressure mass spectrometer, there are no 
acter effects and intrinsic thermodynamic values for 
Reaction 7.1 may be obtained. 

Crown ethers are known to form complexes of more than 
a l:l ratio with a cation (153). This is dependent on the 
size of the ring cavity compared to the diameter of the ion. 
If an ion is small enough TO. iat into the: Gavaty, 2c: wild 
form very stable 1:1 complexes. But if it is much smaller 
than the hole, no stable complex will form, and the 
feature of ion selectivity enters. If the ion is much 
larger than the cavity, then it will tend to form 2:1 or 
3:2 complexes which are referred to (153) as "sandwich" or 
"club-sandwich" complexes respectively (Figure 99). The 
hole diametersof some complexes are compared with the 


alkali diameters in Table 45 and the resulting complexes 
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TABLE 45 


Stable Complexes between Alkali Ions and 


Some Crown Ethers 


—_———arrannnrnennenEnnnnienenRnnnnEnEEREEnE REE ccc ccc cca, 


Crown Ether a 
(Hole Cavity, AO) 


Dibenzo~-14—crown-4 
(1 o2a— 4.5) 


-Benzo-15-crown-5 
(i, 72 22) 


Dibenzo-18-—crown-6 
i 2% 6; = 3.2) 


@reference 153 
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(Ionic Diameter, Ned) 
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are listed. By using a mass spectrometer, the study of 

such complexing is easily achieved, since the masses of the 
complexes are readily determined - a difficult feature in 
the crystal study of crown ether complexes at this time 
(153). Thus, the study of alkali ion-crown ether complexing 
in the gas phase would provide valuable information to the 
present research on the ion selectivity of crown ethers. 

Since most of the crown ethers are solids at room 
temperature, a more sophisticated gas handling plant must 
be used. However, with the present system, crown ethers 
with low melting points (i.e. below 100° C) could be studied 
if care were taken to maintain the system at high temper- 
atures to prevent condensation of the ether vapours. The 
melting points of some common cyclic polyethers which would 
be of interest to study are listed in Table 46. Vapour 
neieace data is not yet available for these compounds. 

The complexing of the crown ethers with alkali ions 
may be difficult to measure directly since the reaction is 
expected to be very exothermic from the present study of 
potassium and dimethoxyethane. The addition of electron 
withdrawing substituents such as the nitro group to the 
eeeten ic ring (if there is one) of a crown ether will 
decrease the basicity of the adjacent oxygens (159). By 


using this idea and the use of switching reaction such as 


1.2 


+ vor ae 
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TABLE 46 


Melting Points of Some Crown Ethers? 


a 


Crown Ether Melting Point (°c) 

ve hee Boeke Ce ee el ee 
Benzo-9-crown-=3 67 — 69 

Benzo-12-crown=-4 44 - 45.5 
Cyclohexyl1-12-crown-4 below 26 

Benzo-15-crown=5 79 = 79.5 
Cyclohexyl-15-crown-5 below 26 

18-crown-6 — 39 =- 40 

-Benzo-18-crown-6 43 - 44 
Cyclohexy1-18-crown-6 below 26 
Dicyclohexyl-18-crown-6 between 36 and 56 (isomers) 
Dicyclohexyl-21-crown-7 below 26 


eS TE nn nn a a al 


AProm references 152 and 153 


vem pe rattle tine li 


wie debe, pind 


- a ih inant mecteiiy thn “ me 


{ ee alge vet) iy 


fl 
F 
fan ¥ 
f ie 
aor “eee es 
i 
] 
t, 
i 
2 
i} a wat 
H : 
! ; A he , 
3 is Act 
' , 
i 
hi 
i 
| 
f 
’ ; 
m f 
t 
‘ , 
{ 
oo 
i 
\ 


301. 


or similar reactions, the relative stabilities of the 
complexes could then be determined. To obtain the thermo- 
dynamic properties of Reaction 7.1 would require the use 


of available data. The best system would likely be K*-glyme: 
+ + 
K .gGlyme-+ Cr = K Cr + glyme leas 


The gas phase study of the complexing of crown ethers 
with alkali ions thus seems possible. The results of such 
a study would provide interesting and valuable information 


to biological systems. 
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